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Abstract 

Fabrication of Functional  

Nanostructures Based on Polymeric 

Nanomaterials and Their 

Nanotechnology Application  
 

Seo, Myung-Seok 

Polymer Chemistry, Department of Chemistry 

The Graduate School 

Seoul National University 

 

Controlling or optimizing the functional nanostructures based on polymeric 

nanomaterials and their device applications have been intensively studied. Because 

nanostructured thin films of block copolymers (BCPs) and conjugated 

polyelectrolytes (CPEs) act as building block and interlayer material, respectively, 

they have been widely studied as promising candidates for nanoscale device 

applications. Furthermore, nanostructures of TiO2 from self-assembled BCP have 

unique optoelectronic properties, they are useful for optoelectronic applications, 

including solar cell, photocatalysts, and sensors. 

Diblock copolymers (BCPs), composed of two different polymers connected to 

each other with a covalent bonds, form nanosize structures such as spheres, 

cylinders, and lamellae by microphase separation. The morphology, size, and 

spacing of the nanostructures can be easily controlled by varying the volume ratios 

between the blocks and molecular weights. BCP nanostructures are useful to design 

nanostructured materials by using the BCP nanostructures as patterning masks for 

etching or as templates for the deposition or growth of materials. The CPEs as 
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polymeric nanomaterials, which are conjugated backbones with side-chains bearing 

ionic functional groups, are widely used by nanostructured thin film based devices 

such as light emitting devices, thin-film transistors, and solar cells as well as 

biological and chemical sensors. The chemical structures of CPEs can be modified 

by synthetic chemistry, offering good opportunities for tuning the chemical, 

electrical and optical properties of the materials.   

In this thesis, the fabrication and their applications of vertically aligned TiO2 

nanostructures from BCP nanotemplates and the application of a polymeric film 

based on 1,4-bis(4-sulfonatobutoxy)benzene and thiophene moieties (PhNa-1T) are 

discussed. The controllability over the dimension and shape of BCP nanoporous 

templates allowed for the adjustment of TiO2 nanostructures for various aims. 

Since the reduced graphene oxide (rGO) film provided effective transferring, 

superhydrophobic TiO2 nanorods from BCP cylindrical nanotemplate were 

conveyed onto a flexible polymer film and a metal substrate. Furthermore, due to 

the effective building block for deposition of perovskite absorbers and anatase 

crystallinity of perpendicularly oriented TiO2 nanostructures from BCP 

nanotemplates, it is applied to electron transporting layer for perovskite solar cells. 

In addition, because of the polymeric film based on PhNa-1T with excellent charge 

transporting properties and extremely smooth surface, it is beneficial for hole 

transporting layer between the electrode and perovskite layers.  

In Chapter I, the usefulness and significance of polymeric nanomaterials are 

discussed and the theoretical background of BCPs and conjugated polymers (CPs) 

are briefly introduced. Lastly, methods which are used to fabricate functional 

nanostructures using BCP nanostructures are discussed as well. In addition, the 

importance of CPEs is discussed and the several unique advantages of CPEs are 

shortly introduced. Also, the functional nanostructures of BCPs and CPEs from 

polymeric nanomaterials are applied to nanotechnology such as superhydrophobic 

surfaces and photovoltages. 

In Chapter II, we report transferrable superhydrophobicity which was enabled by 
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fabricating TiO2 nanorods on a reduced graphene oxide film. Superhydrophobic 

TiO2 nanorods were synthesized from a nanoporous template of BCPs. The 

controllability over the dimension and shape of nanopores of the BCP template 

allowed for the adjustment of TiO2 nanostructures for superhydrophobicity. Since 

the reduced graphene oxide film provided effective transferring, superhydrophobic 

TiO2 nanorods were conveyed onto a flexible polymer film and a metal substrate. 

Thus, the surface of the designated substrate was successfully changed to 

superhydrophobic surface without alteration of its inherent characteristics. 

In Chapter III, we fabricated perovskite solar cells (PSCs) with enhanced device 

efficiency based on vertically oriented TiO2 nanostructures using BCP nanoporous 

templates. Structured dimension and shape controllability of the nanopores of the 

BCP template allowed for the synthesis of TiO2 nanorods and TiO2 nanowalls as an 

electron transport layer (ETL). The TiO2 nanorods-based PSCs showed more 

efficient charge separation and lower charge recombination, leading to better 

performance compared to TiO2 nanowalls based solar cells. The champion solar 

cells with TiO2 nanorods showed an efficiency of 15.5% with VOC = 1.02 V, JSC = 

20.0 mA/cm
2
 and fill factor = 76.1%. Thus, perpendicularly oriented TiO2 

nanostructures fabricated from BCP nanotemplates could be applied to the 

preparation of electron transport layers for improving the efficiency of PSCs. 

In Chapter IV, we introduce a novel polymeric hole-transport material based on 

conjugated polyelectrolytes (PhNa-1T) and its application as a hole-transport layer 

(HTL) material of high-performance PSCs on flexible substrate. Compared with 

the conventionally used PEDOT:PSS, the incorporation of PhNa-1T into HTL of 

the PSC device was demonstrated to be more effective for improving charge 

extraction from the perovskite absorber to the HTL and suppressing charge 

recombination in the bulk perovskite and HTL/perovskite interface. As a result, the 

flexible PSC using PhNa-1T achieved high photovoltaic performances with an 

impressive power conversion efficiency of 14.7%. Moreover, the neutral 

characteristic of PhNa-1T-based flexible PSCs showed much improved stability 
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under an ambient condition than the acidic characteristic of PEDOT:PSS-based 

PSCs. Thus, flexible PSCs with high efficiency and good air stability can be 

fabricated by using the polymeric HTL (PhNa-1T). 

Keywords: diblock copolymer, diblock copolymer nanostructures, 

superhydrophobic surfaces, perovskite solar cells, conjugated polyelectrolytes 

Student number: 2012-20278 
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1-1. Motivation 

An atom measures about 1 Å , or 10
-10

 meters. The study of atoms and molecules 

is the conventional field of chemistry as was studied in the late 19th and 20th 

centuries. A nanometer (nm), or 10
-9

 meters, represents a collection of a few atoms 

or molecules. The field of nanotechnology has attracted great attention from the 

scientific community during the last 20 years due to their unique properties [1]. 

Functional nanostructures such as nanowires, nanobelts, nanorods, nanoparticles, 

nanotubes, nanosheets, and aggregates typically have several nanometers (10
-9 

m) 

scale. Due to their inherent quantum size and shape effects, nanomaterials have 

many important applications in electronics, optoelectronics, information processing, 

catalysis, biomedical science, energy conversion and storage, and many other fields. 

Specifically, because both the size and shape of nanostructures play important roles 

in establishing the properties of these materials, there has been a tremendous 

amount of research on controlling the sizes and shapes of the nanomaterials [2]. 

The great interest of the research community in nanomaterials in the past three 

decades has been stimulated by the development of well-ordered nanostructures, 

which exhibit inherently large surface-area-to-volume ratios and open up bright 

prospects for widespread applications [3].  

Forming functional nanostructures with the controllability over the dimension 

remains a difficult matter. Of several possible strategies, polymeric nanomaterials 

(i.e., block copolymers and conjugated polyelectrolytes) play a central role in the 

fabrication of functional nanostructures such as nanorods and naowalls, and 

nanosheets [4-6]. 

Block copolymer (BCP) self-assembly, one of the bottom-up methods 
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nanotechnology, has been used for the preparation of functional nanomaterials [7]. 

BCPs can be self-assembled in a large area easily by control of microdomain 

orientation such as solvent annealing, thermal annealing, shearing force, and 

epitaxial crystalline growth. BCP nanostructures can be used as both etching masks 

for pattern transfer and templates for growth or deposition processes [8-11]. 

Moreover, Conjugated polyelectrolytes(CPEs), one of interfacial polymeric 

materials, can be used for the low-temperature processable interlayer using simple 

method of spin-coating [12,13]. The chemical structures of CPEs can be easily 

modified through synthetic chemistry, offering great opportunities for tuning the 

chemical, optical and electrical properties of the materials. These characteristics 

allow these materials to be considered for use in various applications (i.e., light-

emitting diodes, electrochromic color-changing displays, photovoltaic devices, and 

biological sensors) [14-16]. 

In this thesis, we fabricated TiO2 nanostructures by a combination of a sol-gel 

process with BCP templates. The vertically aligned TiO2 nanostructures (i.e., 

nanorods and nanowalls) were prepared by a sol-gel method guided by the BCP 

templates. The low energy surface material decorated TiO2 nanorods from 

cylindrical nanoporous BCP templates are used to fabricate transferrable 

superhydrophobic surfaces on rGO films. Also, the vertically aligned TiO2 

nanostructures from BCP templates were applied to high efficiency perovskite solar 

cells as electron transport layer. Moreover, CPEs were synthesized from the 

copolymerization of 1,4-bis(4-sulfonatobutoxy)benzene and thiophene moieties 

(PhNa-1T) via Suzuki coupling reaction. The PhNa-1T with an extremely smooth 

surface and excellent charge transporting property were used for flexible perovskite 

solar cells as hole transport layer. 
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1-2. Block copolymers  

The self-assembled block copolymers (BCPs) provide a unique platform for 

structuring materials with tunable sizes on the nanoscale. BCPs consist of two or 

more chemically different polymer blocks covalently connected together. These 

blocks may be thermodynamically incompatible with each other as the entropy of 

mixing per unit volume is small. The covalent bond linking the blocks prevents the 

macroscopic phase separation observed in binary mixtures of the homopolymers 

and results in nanoscale structural organization of each block [17]. 

 

 

Figure 1-1. Common morphologies of microphase- separated block copolymers: 

body centered cubic (bcc) packed spheres (BCC), hexagonally ordered cylinders 

(HEX), gyroid (Ia3d), hexagonally perforated layers (HPL), modulated lamellae 

(MLAM), lamellae (LAM), cylindrical micelles (CYL), and spherical micelles 

(MIC) [18]. 
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Figure 1-2. χN versus f
PI

 diagram for PI-PS diblock copolymers. Open and filled 

circles represent the order-order (OOT) and order-disorder (ODT) transitions, 

respectively. The dash-dot curve is the mean field prediction for the ODT. Solid 

curves have been drawn to delineate the different phases observed but might not 

correspond to precise phase boundaries. Five different ordered microstructures 

(shown schematically) have been observed for this chemical system [19]. 

 

BCPs microphase separate on the molecular scale (5-100 nm) to produce various 

nanostructures (i.e., spheres, cylinders, and lamellae), depending on the degree of 

polymerization N (N=NA+NB), the composition f (fA=NA/N), and the Flory-

Huggins interaction parameter χAB. Microphase separation can occur when χN 
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exceeds the critical value for the order-disorder transition. At equilibrium, this 

microphase separation is established by a delicate energy balance between the 

stretching energy for the polymer chains and the energy of interactions at the 

interface between A and B microdomains. In diblock copolymers, the morphology 

of the microdomains ranges from spheres to cylinders to lamellae (Figure1-1) 

depending on the volume fraction of one block [18].  

Three regimes have been defined depending on the extent of the segregation of 

the blocks: the weak (χN≈10), intermediate (χN≈10-100) and strong segregation 

(χN ≥100) regimes. At the weak segregation limit, the composition profile is 

approximately sinusoidal; i.e., the volume fraction of one of the blocks varies 

sinusoidally about the average value. As χN increases, the profile becomes sharper, 

with a narrower interphase between blocks and saturation of the composition such 

that at the strong segregation limit, the domains contain essentially pure 

components. The phase behavior at the strong segregation limit depends largely on 

the composition of the copolymer f. Figure 1-2 presents a phase separation diagram 

of polystyrene-polyisoprene (PS-PI) diblock copolymer according to the values of f 

and χN [19, 20].  

The control of BCPs thin film domain orientation and alignment are crucial for 

fabrication of functional nanostructures. Many other factors affect the orientation 

of BCP nanostructures [7]. For example, the orientation and alignment of BCP 

nanodomains can be controlled by factors such as the thickness of the BCP films 

[21], the roughness of the substrates [22], the annealing temperature [23,24], and 

the surface energy of the substrates [25-29]. Perpendicularly oriented BCP 

nanostructures are useful in the design of functional nanostructures through their 

use as etching mask or as templates [7-11, 30]. 
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Figure 1-3. (a) Schematic process flow for decoupling capacitor fabrication. (b) 

Top-down SEM image of porous oxide hardmask. Pore diameters are 20 nm with 

center-to-center spacing 40 nm. (c) SEM image of MOS capacitor bottom Si 

electrode. Pores etched to a depth of 100 nm [33]. 

 

BCPs can be utilized to control the sizes and shapes of functional nanostructures. 

Functional nanostructures can be synthesized by the pattern transfer of BCP 

nanostructures or by deposition or growth processes in BCP nanostructures as 

templates [31, 32]. C. T. Black, et al. demonstrated that metal-oxide-semiconductor 

(MOS) capacitors were fabricated by etching mask of self-assembled BCPs as 

shown in Figure 1-3 [33], while M. Park, et al. reported that ultrahigh-density 

arrays with high aspect ratios were fabricated using the templates of equilibrium 

self-assembled morphology of asymmetric diblock copolymers as shown in Figure 

1-4 [34]. Therefore, these results were reported, BCP nanostructures have been 

used to fabricate functional nanostructures [7-11]. 
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Figure 1-4. A schematic representation of high density nanowire fabrication in a 

polymer matrix. (A) An asymmetric diblock copolymer annealed above the glass 

transition temperature of the copolymer between two electrodes under an applied 

electric field, forming a hexagonal array of cylinders oriented normal to the film 

surface. (B) After removal of the minor component, a nanoporous film is formed. 

(C) By electrodeposition, nanowires can be grown in the porous template, forming 

an array of nanowires in a polymer matrix. (D) SEM image of a fracture surface of 

an array of Co nanowires grown within an array of nanopores formed from block 

copolymers. The growth of the nanowires was terminated before the template was 

completely filled, and above the nanowires of Co is the unfilled array of nanopores 

[34]. 

 

1-3. Conjugated polyelectrolytes 

Conventional polymers such as plastics, rubbers and resins exhibit significant 

resistance and are either insulators or dielectrics. Since Heeger, MacDiarmid and 

Shirakawa were jointly rewarded with the Nobel Prize in Chemistry in 2000 for 

discovering the conductivity of conjugated polymers (CPs). CPs have received 
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more and more attention from both the academic and industrial community. They 

reported that by oxidative doping of the conjugated polymers, the conductivity of 

polymers can be increased around 5 orders of magnitude to the semiconductor level 

(10 Scm
-1

). Conductive polymers generally consist of carbon atoms with 

alternating single and double bonds. In conjugated systems, the orbitals carbon 

atom are formed by the sp
2
-hybridization with σ bonding to the adjacent hydrogen 

atoms and carbon atoms to make a bonding and anti-bonding state while the 

unhybdrized pz-orbital form a π bonding with adjacent carbon pz orbital. 

Successive overlaps of pz-orbital with another across an intervening sigma bond 

along the carbon atoms creates it lower the overall energy of the molecules, so 

called conjugated systems. In conjugated π systems, electronic transition occurs 

predominantly from π state or non-bonding lone pair (n state) π* state, which 

requires lower energy to transition than from sigma bond to sigma* transition. The 

filled orbitals with electrons in highest energy level is called the highest occupied 

molecular orbital (HOMO) and empty state orbitals without electrons in lowest 

energy level is called the lowest unoccupied molecular orbital (LUMO), which is 

crucial factor for determining the ability for molecules to absorb light energy. For 

example, polyacetylene, poly(phenylene vinylene)(PPV), poly[2-methoxy-5-

(20ethylhexyloxy)-1,4-phenylenevinylene](MEH-PPV) and typical ethylene 

molecular orbitals diagram of duble bond system are shown in Figure 1-5. Unlike 

the majority of neutral CPs, CPEs composed of π-conjugated backbones and side-

chains with ionic functional groups, have emerged as a new class of promising 

polymeric nanomaterials as shown in Figure 1-6 [38-40].  
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Figure 1-5. (a) Typical conjugated polymer structures. (b) Molecular                                                                                                                                                                             

orbital energy of an ethylene molecule. 

 

Chemical structure engineering is a well-recognized tool for tuning the 

properties such as electronic, photophysical, and optical properties [41]. Due to 

ionic side groups, their good solubility in polar solvents, including water and 

alcohol, allows us to easily deposit the material on the electrode by low 

temperature solution processes, whereas their low solubility in the nonpolar 

solvents generally used for depositing photoactive materials enables them 

successfully employed for subsequent multilayer integration of the device without 

causing erosion or intermixing between the layers [38, 39]. It is possible to 

fabricate multilayer optoelectronics devices in combination with neutral CPEs. 

Functional nanostructures such as a nanoscale thin film based on CPEs have 
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proven useful in organic solar cells, organic light-emitting diodes, and organic thin-

film transistor [42-44]. Recently, Choi, et al. demonstrated that perovskite solar 

cells with low-temperature solution-processable and pH-neutral CPE-K as the 

polymeric hole transport layer [45]. The examples of polymeric films using CPEs 

above clearly indicate that the functional nanoscale layer of CPEs can be used as a 

highly effective and versatile tool for interlayers [38, 39]. 

 

 

 

Figure 1-6. Generalized structural components of a cationic CPE. The p
-

delocalized backbone (in orange) can be chosen to modulate properties such as 

emission frequency, ionization potential, and electron affinity. The spacer groups 

are shown in blue. A variety of charge compensating anions, designated as X
−
, can 

be introduced to modify properties such as solubility, charge transport, packing 

dimensions in the solid state, and aggregation in solution [13]. 

 

1-4. Nanotechnology applications 

The field of nanotechnology has received increasing attention over the last 20 

years, and the number of publications in nanotechnology has grown exponentially. 

As a consequence, devices such as a memory and semiconducting circuits got 

highly integrated, and ubiquitous systems have been realized. Among the many 



 

 27 

types of nanomaterials, nanostructured materials in thin films have been studied 

rigorously for application to nanoscale devices such as superhydrophobic surfaces 

and photovoltaic cells [46-49]. 

The surface wettability control of solid materials has been considered as an 

essential aspect of surface chemistry. A direct expression of the wettability of a 

surface is the contact angle (CA) of a water droplet on the surface. Surfaces with 

very high water contact angles particularly larger than 150° are normally called 

superhydrophobic surfaces [50]. The behavior a water droplet on a rough surface is 

schematically shown in Figure 1-7. Water can either penetrate the asperities or 

suspend above the asperities. In either case, much higher contact angles are 

observed than that obtained for the corresponding flat surface. These two situations 

are named the Wenzel state (penetration) and the Cassie–Baxter state (suspension) 

after the corresponding theoretical models: the Wenzel and Cassie–Baxter (CB) 

models [51, 52]. These models form the basic guidelines for the study of 

superhydrophobic surfaces [53, 54]. Inspired by superhydrophobic living 

organisms in nature, such as lotus leaves and water-strider legs, artificial surfaces 

with superhydrophobicity are commonly fabricated via two kinds of approaches: 

creating micro-/nanostructures on hydrophobic substrates, or chemically modifying 

a micro-/nanostructured surface with materials of low surface free energy [55-57]. 

One is the surface roughness represented by various periodically or randomly 

distributed micro/nanostructures, and the other is the surface chemical composition 

[58]. According to this basic principle, various hydrophobic surfaces have been 

successfully prepared by combining hierarchical surface structures with low 

surface energy material coatings. Generally, due to the diversity of the surface 

topography (i.e., hierarchical morphologies, periodic arrangements and 
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orientations), the inherent multi-scale structures not only contribute to the universal 

water resistance, but also impart other structural and functional properties to the 

superhydrophobic surfaces. In recent years, beyond the research on the fabrication 

of superhydrophobic surfaces, more and more attention has been paid to the 

structural design and functional integration of superhydrophobic surfaces towards 

various scientific and practical applications [59-63]. 

  

 

Figure 1-7. Behavior of a liquid drop on a rough surface. Left, liquid penetrates 

into the spikes (Wenzel state); right: liquid suspends on the spikes (Cassie–Baxter 

state) [53]. 

 

 Solar energy can be divided into light energy and thermal energy. Among them, 

solar cells are made by converting solar energy into electric energy. This is based 

on the principle that electricity is generated when light is applied to a 

semiconductor, and solar energy, which is the energy source of solar cells, supplies 

clean energy with almost unlimited energy, which is suitable as an alternative 

energy source. In perovskite solar cells, the energy conversion process takes place 

in multiple steps, Step 1-light absorption: When light is incident to photovoltaic 

device, active material absorbs the light that has higher energy than bandgap of 

active material. Therefore, for efficient light harvesting, low bandgap materials are 
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needed. CH3NH3PbI3 absorbs light up to ~800 nm due to the bandgap energy of 

1.5–1.6 eV, indicating that most of the light in visible range can be absorbed by 

CH3NH3PbI3. Step 2-formation of excitons and dissociation into free charge 

carriers. A photon with larger energy than bandgap of active material excites an 

electron in valence band to conduction band and produces an exciton. Exciton is 

dissociated into free electron and free hole due to the built-in electric field. Step 3-

Charge transfer. The free charge carriers are transferred to charge transport layer. 

Step 4-Charge collection. Transferred charges are transported to electrode and 

generate electric current [64-66]. 

 

 

Figure 1-8. Current-voltage characteristic of ideal diode in the light and the dark. 

To a first approximation, the net current is obtained by shifting the bias dependent 

dark current up by a constant amount, equal to the short circuit photocurrent. 

 

When charge extraction rate is overwhelmed by charge generation rate, free 

charges are accumulated at the interface and deteriorate solar cell performance. 

Therefore, fast charge transfer from active material and fast charge transport to 
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electrode is essential for the charge transport material [67-71]. Solar cell 

performances under illumination are generally characterized by current density–

voltage curve (Figure 1-8). The fill factor is the ratio of the actual power limit to 

the theoretical power limit of a solar cell. This can be calculated by dividing the 

maximum power output (Pmax) by the product of JSC and VOC, as shown in Figure 1-

8. The open-circuit voltage (VOC) is the maximum voltage possible in the solar cell. 

VOC is the potential difference formed at both ends of the solar cell when light is 

irradiated in a state where the circuit is open, that is, an infinite impedance is 

applied. The short-circuit current (JSC) is the current through the solar cell when the 

voltage across the solar cell is zero. Voltage and current density are represented by 

X-axis and Y-axis, respectively. Open circuit voltage (VOC) and short circuit current 

density (JSC) are defined by the points that the curve intersects with X-axis and Y-

axis, respectively. Power per unit area is calculated by multiplication of current 

density and voltage, Vmax and Jmax (voltage at maximum power point (Vmax) and 

current density at maximum power point (Jmax)). Using these parameters, fill factor 

(FF) and power conversion efficiency (PCE) are calculated by following formula: 

   m a x m a x

S C O C

FF
J V

J V





                         (1.1) 

OC SC

in

FF
PCE

V J

P

 
                      (1.2) 

where Pin is the incident light power density. 
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The open-circuit voltage is one of the parameters determining the efficiency of 

solar cells in converting solar radiation to electricity [72, 73]. Upon illumination, 

the electron and hole energy levels (called quasi-Fermi levels and denoted EFn and 

EFp, respectively) in the perovskite layer split, driving electrons into the ETL and 

holes into the HTL (Figure 1-9). When this happens, the electron energy levels in 

the ETL (EʹFn) will rise up to an energy position close to the conduction band 

minimum, or lowest unoccupied molecular orbital, of the ETL. Similarly, the hole 

energy level in the HTL (EʹFp) will drop to an energy position close to the valence 

band maximum, or highest occupied molecular orbital, of the HTL. The difference 

between EʹFn and EʹFp determines the VOC of the cell [72-74]. Huang’s group 

reported that there are drawbacks to using organic electron and hole transport layer 

materials, one of which is the large degree of energy disorder, which results in 

electronic states in the forbidden gaps of the electron and hole transport layers. 

These so-called band tail states limit the rising of EʹFn at the ETL and the down-

shift of EʹFp at the HTL, leading to a drop in the VOC as seen in organic bulk 

heterojunction solar cells. The effect of energy disorder in the perovskite absorber 

is negligible, because perovskite thin films typically exhibit a high degree of 

crystallinity, which results in negligible band tail states. Thus, a plausible approach 

to minimize the VOC drop is to reduce the band tail states by ordering the PC61BM 

structure [75]. 
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Figure 1-9. Operation mechanism for a perovskite solar cell. a,b, General 

mechanism (a) and mechanism of a cell using poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine (PTAA) and phenyl-C61-butyric acid methyl ester (PC61BM) 

as hole-transport layer (HTL) and electron-transport layer (ETL) (b). CBM, 

conduction band minimum; VBM, valence band maximum; LUMO, lowest 

unoccupied molecular orbital; HOMO, highest occupied molecular orbital; EFn, 

electron quasi-Fermi-level; EFp, hole quasi-Fermi-level; VOC, open-circuit voltage, 

q, charge. The Gaussian curves in b are the band tail states caused by structural 

disorder [59]. 

 

The origin of VOC in perovskite solar cells is typically described by the difference 

between the lowest unoccupied molecular orbital (LUMO) level of the perovskite 

and the HOMO of the HTM, or by the potential difference between the quasi-Fermi 

level of the electron (EFn) at the electron extracting layer/anode interface and the 
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quasi-Fermi level of the hole (EFp) at the hole extracting layer/cathode interface 

under illumination, assuming that recombination within the device can be ignored 

[76, 77]. Recently, Seok’s group reported that the VOC is not simply determined by 

the difference between the electron Fermi level at mp-TiO2 and the hole Fermi 

level at the HTM as shown in Figure 1-10 [78]. Other effects except the energy 

level between perovskite and the HTM may affect charge transfer, because the 

perovskite material is known for its very low exciton binding energy or its ability 

to act as a free electron– hole carrier [79]. 

 

 

Figure 1-10. (a) Molecular structure of HTMs (PTAA, PF8-TAA, and PIF8- TAA); 

(b) PESA spectra of perovskite films (MAPbI3 and MAPbBr3) and HTM films on a 

fused silica substrate; (c) energy band diagram for TiO2, perovskite materials 

(MAPbI3 and MAPbBr3), and HTMs [76]. 
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Chapter II. 
 

Transferrable Superhydrophobic 

TiO2 Nanorods on Reduced 

Graphene Oxide Films using Block 

Copolymer Templates 
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2-1. Introduction 

Superhydrophobic surfaces having a water contact angle greater than 150° and a 

sliding angle smaller than 10° have attracted considerable interest not only for 

fundamental understanding [1,2] but also for practical applications such as self-

cleaning coating, anti-icing, and electro-wetting [3,4]. Various fabrication 

techniques for superhydrophobicity have been inspired by superhydrophobic 

surfaces in nature including well-known examples of lotus leaves and butterfly 

wings [5]. The basic strategy to obtain superhydrophobicity is combining 

nanostructured surfaces with low surface energy materials [6,7]. Based on this 

essential idea, superhydrophobic surfaces have been demonstrated by numerous 

fabrication methods including various lithographic processes [8], electrochemical 

depositions [9], sol-gel procedures [10], and self-assembling techniques [11]. Since 

the process and condition to deliver superhydrophobicity strongly depend on the 

type of materials whose surface needs to be modified, the superhydrophobic 

surface is generally fixed on the chosen material. 

Block copolymers (BCPs), consisting of two or more polymers covalently 

connected, spontaneously assemble into various nanostructures including spheres, 

cylinders, and lamellae [12]. The size and morphology of self-assembled 

nanodomains of BCPs can be efficiently controlled by adjusting the molecular 

weight and the block ratio of BCPs so that these nanostructures have been 

intensively used as etching masks and templates [13, 14]. The BCP approach to 

produce nanostructures over a large area was also applied to the creation of 

superhydrophobic surfaces of inorganic materials [15, 16]. 

TiO2 nanostructures such as nanoparticles and nanorods have been widely 
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employed as nanostructures necessary for superhydrophobicity [17,18] due to 

many beneficial features of TiO2 including processibility of nanostructures, 

chemical stability, and optical transparency. Nanostructures of BCPs were also 

used for the fabrication of TiO2 nanostructures although superhydrophobicity was 

not pursued [19, 20]. 

In this study, we demonstrated transferrable superhydrophobicity which was 

enabled by fabricating TiO2 nanorods on a reduced graphene oxide (rGO) film. A 

two-dimensional rGO film can be prepared by reduction of a spin-coated film of 

graphene oxide obtained from chemical exfoliation of graphite [21] and has been 

used as an effective substrate to be transferred [22, 23]. We first fabricated BCP 

templates on an rGO film constructed on a silicon wafer. Then, TiO2 nanorods were 

synthesized from the BCP template and coated with a low-surface-energy self-

assembled monolayer, resulting in superhydrophobic TiO2 nanorods on the rGO 

film. This superhydrophobic nanostructure was detached with the rGO film and 

transferred onto a flexible polymer film and a metal substrate so that the surface of 

the designated substrate was successfully converted to superhydrophobic surface 

without alteration of its inherent characteristics. 

 

2-2. Experimental Section 

Materials 

Block copolymers (BCPs) of polystyrene-poly(methylmethacrylate), PS(150)-

PMMA(57), PS(46)-PMMA(21), PS(80)-PMMA(80), and PS(5)-PMMA(5) were 

purchased from Polymer Source, Inc. The number in the parenthesis is the average 

molecular weight (Mn) in kg/mol. The polydispersity index (PDI) is 1.08, 1.09, 
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1.09, and 1.18, respectively. A random copolymer of poly(styrene-r-

methylmethacrylate-r-vinylbenzocyclobutene), P(S-r-MMA-r-VBC), (56 mol% S, 

42 mol% MMA, 2 mol% VBC, Mn=45 kg/mol, PDI=1.25) was also purchased for 

surface neutralization [24]. Hydrazine monohydrate (98%), 

octadecyltrichlorosilane (OTS), and titanium isopropoxide (TTIP) were obtained 

from Sigma-Aldrich and used as received. 

 

Fabrication of rGO films 

Graphene oxides (GO) were synthesized by the modified Hummers method as 

described in the literature [25]. GO powder was added to DI water (0.1 wt%), 

which was ultrasonicated for 2 h, followed by centrifugation at 3000 rpm for 1 h 

and removal of the precipitates, resulting in a yellow-brown homogeneous 

dispersion. A silicon wafer with a thermally grown oxide layer with a thickness of 

300 nm (Si/SiO2) was cleaned in piranha solution (70/30 v/v concentrated H2SO4 

and 30 % H2O2) at 90 °C for 30 min, and thoroughly rinsed with deionized water 

several times, and then blown dry with nitrogen. On the cleaned substrate, a 

continuous GO layer was spin-coated five times at 2000 rpm for 30 s and dried in a 

vacuum oven at 40 °C overnight. Chemical reduction of GO films was carried out 

by hydrazine vapor. A fully dried GO film on the substrate was placed in a jar 

containing hydrazine monohydrate and heated at 160 °C for 1 day, resulting in a 

reduced graphene oxide (rGO) film on a Si wafer having a SiO2 layer 

(Si/SiO2/rGO). 

 

Fabrication of nanoporous templates 
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To make the neutral surface necessary for the perpendicular nanodomains of PS-

PMMA [24, 26-28], we modified the surface of an rGO film with P(S-r-MMA-r-

VBC) as described in the literature [24]. A film of PS-PMMA with a thickness of 

~120 nm on the neutralized surface was spin-coated (typically at 4,000 rpm for 60 s) 

from a toluene solutions of PS-PMMA (3.0 wt%). Then, the film was thermally 

annealed at 230 °C for 4 h in vacuum to induce perpendicular nanodomains of PS-

PMMA. Then, the nanodomains of the PMMA block were selectively removed 

with UV irradiation (254 nm, 15 W) for 2 h, followed by washing with acetic acid 

and water at room temperature [29], resulting in a nanoporous template on an rGO 

film. The same procedure was applied to PS(150)-PMMA(57), PS(46)-PMMA(21) 

and PS(80)-PMMA(80). For an easy process, a small molecular weight PS(5)-

PMMA(5) was blended with PS(150)-PMMA(57) at a weight ratio of 6 to 10 [30]. 

 

Synthesis of TiO2 nanorods and nanowalls 

TiO2 nanorods and nanowalls were synthesized from nanoporous templates, 

which were fabricated on rGO films using BCP films. First, the nanoporous 

templates were exposed to oxygen plasma (40 mTorr, 80 W) for 3 s, which made 

templates hydrophilic. Then, the nanoporous template was coated with a 0.8 M 

isopropanol solution of titanium isopropoxide (TTIP) containing 2.2 M 

hydrochloric acid [31] using a KSV dip-coater (85 mm/min dipping, 10 mm/min 

withdrawing), followed by drying and calcination at 400 
o
C for 30 min in air to 

obtain TiO2 nanorods and nanowalls with the removal of the template. Before 

calcination, an over-coated layer was eliminated by CF4 reactive ion etching. TiO2 

nanorods and nanowalls were then coated with octadecyltrichlorosilane (OTS) by 

immersing them in a 0.01 M toluene solution of OTS for 10 min, followed by 
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rinsing with anhydrous ethanol, drying with nitrogen, and heating at 120 
o
C for 1 h 

in air. 

 

Transferring of rGO films having TiO2 nanorods 

A thin layer of PMMA (Mn=81 kg/mol, PD =1.20) was spin-coated on an rGO 

film having TiO2 nanorods from a 1.0 wt% toluene solution of PMMA and then 

additional PMMA layer was drop-cast. The rGO film covered with PMMA was 

first floated on water by dissolving the underlying SiO2 layer with a 20% aqueous 

solution of hydrofluoric acid [32]. Then, the rGO film was transferred onto another 

Si/SiO2 wafer, a copper substrate or a poly(ethyleneterephthalate) (PET) film. The 

transferred rGO film was dried in air. PMMA coating was removed by acetone. 

 

Characterization 

Field-emission scanning electron microscopy (FE-SEM) was performed on a 

Hitachi S-4300 at 15 kV. Pt coating on a sample was carried out when it was 

necessary. Contact angle measurements of static and sliding angles were executed 

with a water droplet of 8 µL using a Phoenix 300 goniometer. UV-Vis absorption 

spectra were measured on a Varian Cary-5000 spectrophotometer. 

 

2-3. Results and Discussion 

Since a reduced graphene oxide (rGO) film on a silicon wafer having an oxide 

layer (Si/SiO2/rGO) can be effectively transferred to other substrates [23], we first 

fabricated nanoporous templates on Si/SiO2/rGO using BCPs of PS-PMMA [24]. 

Then, TiO2 nanorods and nanowalls were synthesized from the nanoporous 
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templates. After deposition of OTS, they were transferred onto designated 

substrates such a flexible PET film and a copper substrate as described in Figure 2-

1. 

 

 

Figure 2-1. Schematic illustration of the fabrication process: (a) surface 

neutralization, spin coating of BCP, thermal annealing, and removal of 

nanodomains; (b) dip coating of TiO2 sol, gelation, calcination after RIE, and 

deposition of OTS; (c) detaching with a supporting layer; (d) transferring onto a 

designated substrate. 

 

The FE-SEM image in Figure 2-2 shows a nanoporous template on an rGO film, 

which was fabricated from PS(150)-PMMA(57). We can find the nanopores in the 

hexagonal order, which are vertically oriented and well established from the bottom 

to the top of the template (~120 nm thick) as shown in the inset of a side-view 

image. The average diameter and the center-to-center distance of the nanopores 

were 30 nm and 83 nm, respectively. In addition, the control over the dimension 
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and shape of nanopores was enabled by changing the molecular weights of the 

BCPs, which eventually allowed for the adjustment of TiO2 nanostructures. A 

nanoporous template having a smaller (~20 nm in diameter) and denser (~40 nm in 

center-to-center distance) nanopores was fabricated on an rGO film, using a lower 

molecular weight PS(46)-PMMA(21) (Figure 2-3a). In the case of PS(80)-

PMMA(80), which forms lamellar nanodomains, a template with nanogrooves in a 

fingerprint pattern was obtained (Figure 2-3b). Thus, nanoporous templates with 

cylindrical nanopores in two different sizes and with nanogrooves were fabricated 

on rGO films. 

 

 

Figure 2-2. FE-SEM image of a nanoporous template with cylindrical nanopores 

from PS(150)-PMMA(57). The inset is a side-view image. A schematic illustration 

is also included. Both scale bars are 200 nm. 
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Figure 2-3. FE-SEM images: (a) a template with cylindrical nanopores using 

PS(46)-PMMA(21); (b) a template with nanogrooves using PS(80)-PMMA(80); (c) 

TiO2 nanorods from the template shown in (a); (d) TiO2 nanowalls from the 

template shown in (b). All scale bars are 200 nm. 

 

Figure 2-4 shows a FE-SEM image of TiO2 nanorods fabricated from the 

nanoporous template shown in Figure 2-2. In this top-view image, the tops of 

hexagonally arranged nanorods were only visible because of the well-aligned 

vertically oriented nanorods as was also confirmed in the side-view image. The 

average diameter and the center-to-center distance of the nanorods were 30 nm and 

83 nm, respectively, which were equal to those of the nanopores of the template. 

Thus, each nanopore of the template produced one TiO2 nanorod so that the control 

over nanorods was achieved by the template. It is noted that the height of the 
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nanorods (~70 nm) is smaller than the thickness of the template (~120 nm) because 

of RIE for the removal of the over-coated layer and densification by the calcination. 

We also fabricated TiO2 nanorods having smaller diameter (~16 nm) and spacing 

(~40 nm) from the template of PS(46)-PMMA(21) (Figure 2-3c) and TiO2 

nanowalls with the width of ~30 nm and the separation of ~40 nm from the 

template of PS(80)-PMMA(80) (Figure 2-3d). 

 

 

Figure 2-4. FE-SEM image of TiO2 nanorods fabricated from the template shown 

in Figure 2-2. The inset is a side-view image, including an enlarged image of a 

single nanorod. A schematic illustration is also included. Both scale bars are 200 

nm. 

 

The surface of all TiO2 nanostructures was treated with octadecyltrichlorosilane 

(OTS) before water contact angle measurements. When OTS was deposited on a 
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flat silicon wafer, the water contact angle of 109
o
 was obtained. In contrast, after 

deposition of OTS on TiO2 nanorods in Figure 2-4, the water contact angle of 153° 

and the sliding angle smaller than 10° were achieved as shown in Figure 2-5, 

indicating the superhydrophobicity [2]. Thus, we successfully produced 

superhydrophobic TiO2 nanorods on the rGO film. 

 

 

Figure 2-5. A water drop on TiO2 nanorods fabricated on Si/SiO2/rGO: (a) the 

contact angle of 153°; (b) the sliding angle < 10°. A photograph of a water drop on 

this superhydrophobic surface is inserted in (a). 

 

A water contact angle on a nanostructured surface with insignificant penetration 

of water between the nanostructures can be expressed by the Cassie-Baxter (CB) 

model [15] i.e., cosθCB=fSL(cosθF +1)–1, where θCB=the water contact angle on the 

nanostructured surface, θF=the water contact angle on the flat surface, and fSL=the 

area fraction of the solid in contact with water. In the case of hexagonally arrayed 

cylinders, fSL is simply equal to 2πr
2
/3

1/2
d

2
, where r=the radius of the cylinder and 

d=the separation between the cylinders. For TiO2 nanorods in Figure 2-4, fSL can be 

calculated as 0.29, assuming perfect cylinders with r=15 nm and d=53 nm. Since θF 

was measured as 109
o
 for OTS, 144

o
 can be estimated for θCB by the CB model. 
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This value is smaller than the measured 153
o
, presumably because of the spherical 

top of the TiO2 nanorod as shown in the enlarged image of a single nanorod in 

Figure 2-4, which could reduce the actual contact area between the nanorod and 

water, that is, a smaller value of fSL. The origin of the spherical top of the TiO2 

nanorod would be associated with RIE and calcination processes. In contrast, TiO2 

nanorods with the smaller diameter and spacing (Figure 2-3c) and TiO2 nanowalls 

(Figure 2-3d) did not show superhydrophobicity. They gave the water contact 

angles of 142° and 130°, respectively (Figure 2-6), possibly due to large values of 

fSL which were 0.44 and 0.43, respectively. 

 

 

Figure 2-6. (a) a water drop on TiO2 nanorods shown in Figure 2-3c with the 

contact angle of 142°; (b) a water drop on TiO2 nanowalls shown in Figure 2-3d 

with the contact angle of 130°. 

 

Since superhydrophobic TiO2 nanorods were fabricated on the rGO film that can 

be detached from the Si/SiO2 substrate and transferred on other substrates, TiO2 

nanorods on the rGO film in Figure 2-4 were transferred onto various substrates 

including a flexible PET film. The FE-SEM image in Figure 2-7 shows TiO2 

nanorods transferred to a PET film. TiO2 nanorods in Figures 2-7 were almost 
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identical to those before transferring (Figures 2-4).  

 

 

Figure 2-7. FE-SEM image of TiO2 nanorods transferred to a PET film. The inset 

is a side-view image. A schematic illustration is also included. Both scale bars are 

200 nm. 

 

The well-maintained vertically oriented nanorods can be also confirmed in the 

side-view image of Figure 2-7. It is noted that we can find some nanorods losing a 

vertical orientation and a small area without nanorods after transferring, which 

were inevitable during the transferring process. Successful transferring of TiO2 

nanorods to the PET film preserved the superhydrophobicity with the water contact 

angle of 151
o
 as shown in Figure 2-8a. Since both TiO2 nanorods and thin rGO 

films have negligible absorption in the visible wavelengths, the optical 

transparency as well as the mechanical flexibility of the PET film was also 
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conserved (Figure 2-8) after the surface became superhydrophobic by transferring 

TiO2 nanorods with the rGO film. We also demonstrated the successful transferring 

of TiO2 nanorods to a copper substrate and another Si/SiO2, which delivered the 

superhydrophobicity to the surface of the designated substrate (Figure 2-8a). 

 

 

Figure 2-8. (a) A water drop on TiO2 nanorods transferred to a PET film showing a 

contact angle of 151 °; (b) Optical transmittance of the PET film having TiO2 

nanorods on the surface (dashed line for PET itself). Photographs of water drops on 

TiO2 nanorods transferred to PET, Cu, and Si/SiO2 substrates are inserted in (a) 

from the top to the bottom, respectively. A photograph in (b) shows transparency 

and flexibility of the PET film having TiO2 nanorods. 

 

2-4. Conclusions 

Transferrable superhydrophobicity was demonstrated by synthesizing 

superhydrophobic TiO2 nanorods on an rGO film from a template with cylindrical 

nanopores from PS-PMMA BCPs. The control over the dimension and shape of 

nanopores was enabled by changing the molecular weights of the BCPs, which 

allowed for the adjustment of TiO2 nanostructures for superhydrophobicity. Since 
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the rGO film provided effective transferring, the TiO2 nanorods were moved onto 

various substrates so that the surface of the designated substrate was successfully 

modified to superhydrophobic surface regardless of types of the substrate. 
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Chapter III. 

Vertically Aligned Nanostructured 

TiO2 Photoelectrodes for High 

Efficiency Perovskite Solar Cells 

via a Block Copolymer Template 

Approach 
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3-1. Introduction 

Recently, organic-inorganic hybrid perovskites have been considered as 

promising light harvesting materials for next-generation solar cells [1-2]. Miyasaka 

group first utilized organolead halide perovskites (CH3NH3PbX3, X = I, Br, Cl, or 

mixed halides) as an inorganic sensitizer for the preparation of dye-sensitized type 

solar cells (DSSCs) with liquid electrolytes, and obtained a power conversion 

efficiency (PCE) of 3.8% using CH3NH3PbI3 [3]. Subsequently, Park group 

reported solid junction perovskite solar cells (PSCs) with an improved efficiency of 

6.5% with enhanced long-term stability [4]. Since then, the PCE of perovskite solar 

cells has dramatically increased to 21% [5]. The superb photovoltaic performances 

of perovskite materials as light harvesters originate from their unique 

characteristics, such as high light-absorption coefficient, long-range balanced 

carrier-diffusion length, high crystallinity, and excellent charge-carrier mobility [6-

14]. Moreover, perovskite solar cells can be prepared by simple and low-cost 

solution processes, which is advantageous for large-scale production [15-18]. 

TiO2-based nanostructures constructed on transparent conductive oxide (TCO) 

glass substrates have been used as the electron transport layer (ETL) and scaffold 

layer of PSCs. Among them, perpendicularly oriented TiO2 nanostructures as an 

ETL have been suggested to provide a direct pathway for efficient charge transport 

and facilitate pore filling of the perovskite layer [19-22]. It has been reported that 

one-dimensional (1-D) TiO2 nanostructures could induce efficient charge transport 

and low charge recombination, leading to high performance [23-26]. Recently, Li 

group demonstrated PSCs using oriented TiO2 nanocones exhibiting a PCE as high 

as 12% [27]. Jose and co-workers also reported a perovskite solar module (PCE 
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10.5%) employing solution-grown TiO2 nanorods as an ETL [28]. Such well 

aligned TiO2 nanostructures could be constructed by numerous fabrication methods 

including sol-gel, electrochemical anodizing, electrospinning, metalorganic 

chemical vapor deposition (MOCVD), hydrothermal synthesis and block 

copolymers (BCPs) self-assembly methods [29-34]. Among them, block copolymer 

self-assembly methods have been extensively investigated to fabricate nanodevices 

employing one-dimensional or two-dimensional nanostructure [35-36]. Using 

block copolymer nanostructures as lithographic masks or templates, various 

nanostructures of metals, semiconductors, and oxides have been successfully 

demonstrated, for example TiO2 nanostructures such as nanoporous TiO2 was 

fabricated by a sol-gel process and CF4 etching of TiO2 layers with a block 

copolymer mask [34, 37]. TiO2 nanorods were also fabricated by a sol-gel process 

on a polymeric nanotemplate, which was obtained by etching a polymer film with a 

block copolymer mask [38]. In the case of block copolymer templates, various 

well-aligned TiO2 nanostructures were fabricated by incorporating TiO2 precursors 

into the nanostructures of copolymers and calcining them at a high temperature 

[39]. Further, TiO2 nanorods and nanowalls prepared from self-assembly of BCP 

have been reported as promising candidates for optoelectronics applications 

including solar cells, energy storage devices, and sensors because they can provide 

increased surface area and quantum confinement because of the nanoscale 

geometry [40]. 

In this study, we demonstrated high efficiency PSCs based on perpendicularly 

oriented TiO2 nanostructures from a block copolymer nanotemplate. The 

morphology of the as-prepared TiO2 nanostructures on fluorine-doped tin oxide 

(FTO) glass can be controlled by changing the molecular weight and block ratio of 
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the block copolymers. Then, vertically aligned and open porous TiO2 

nanostructures were employed as an ETL PSCs, which allowed us to obtain a direct 

pathway for charge transfer as well as better infiltration of perovskite absorbers. 

The effect of TiO2 nanostructures on the photovoltaic properties of solar cells was 

compared. 

 

3-2. Experimental Section 

Fabrication of a compact TiO2 layer 

Patterned FTO glass (TEC8, Pilkington) was cleaned by sonication in ethanol, 

acetone, and 2-propanol, followed by UV-ozone treatment for 20 min. The compact 

TiO2 layer was coated on the FTO glass by spin-coating the TiO2 precursor 

containing titanium diisopropoxide bis(acetylacetonate) solution (75 wt% in 

isopropanol, Sigma-Aldrich) mixed with 1-butanol at 2000 rpm for 40 s, followed 

by pre-heating at 125 °C for 10 min and heat treating at 500 °C for 30 min. 

 

Fabrication of nanoporous templates and TiO2 nanostructures 

BCPs of polystyrene-poly(methylmethacrylate), PS(46)-PMMA(21) and PS(80)-

PMMA(80) were purchased from Polymer Source, Inc. The number in the 

parenthesis is the average molecular weight (Mn) in kg/mol. The polydispersity 

index (PDI) is 1.09 for each BCP. A random copolymer of poly(styrene-r-

methylmethacrylate-r-vinylbenzocyclobutene), P(S-r-MMA-r-VBC), (56 mol% S, 

42 mol% MMA, 2 mol% VBC, Mn = 45 kg/mol, PDI = 1.25) was also purchased 

for surface neutralization. To make the neutral surface necessary for the 

perpendicular nanodomains of PS-PMMA, we modified the surface of the compact 
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TiO2 layer with P(S-r-MMA-r-VBC) as described in the literature. A film of PS-

PMMA with a thickness of ~200 nm on the neutralized surface was spin-coated 

(typically at 4000 rpm for 60 s) from a toluene solution of PS-PMMA (4.0 to 5.0 

wt%). The film was then annealed in solvent vapor and thermally annealed at 

230 °C for 4 h in vacuum to induce perpendicular nanodomains of PS-PMMA. 

Then, the nanodomains of the PMMA block were selectively removed with UV 

irradiation (254 nm, 15 W) for 2 h, followed by washing with acetic acid and water 

at room temperature, resulting in a nanoporous template on the compact TiO2 layer. 

The same procedure was applied to PS(46)-PMMA(21) and PS(80)-PMMA(80). 

TiO2 nanorods and nanowalls were synthesized from nanoporous templates, which 

were fabricated on the compact TiO2 layer using BCP films. First, the nanoporous 

templates were exposed to oxygen plasma (40 mTorr, 80 W) for 3 s, which made 

the templates hydrophilic. Then, the nanoporous template was coated with a 0.8 M 

isopropanol solution of titanium isopropoxide (TTIP, Sigma-Aldrich, 97%) 

containing 2.2 M hydrochloric acid using a KSV dip-coater (85 mm/min dipping, 

10 mm/min withdrawing), followed by drying, removal of TTIP solution on the 

FTO back side, and heating at 500 °C for 30 min in air to obtain TiO2 nanorods and 

nanowalls after removal of the template. Before heating, the over-coated layer was 

eliminated by CF4 reactive ion etching (RIE). 

 

Device fabrication 

For the perovskite layer, PbI2 (500 mg, Sigma-Aldrich, 99%) dissolved in N,N-

dimethylformamide (1 ml, DMF, Sigma-Aldrich, 99.8%) was spin-coated on top of 

the nanostructured TiO2 layer. The PbI2-coated electrode was sequentially spin-

coated with methylammonium iodide (10 mg, CH3NH3I) solution in 2-propanol (1 
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ml, Sigma-Aldrich, 99.5%) and then heated to 80 °C for 20 min, resulting in the 

formation of a dark brown perovskite film. We used a hole transport material 

(HTM) composed of 2,2′,7,7′-tetrakis(N,N-p-dimethoxyphenyl-amine)-9,9′-

spirobifluorene (56 mg, spiro-OMeTAD, Merck), 4-tert-butylpyridine (30 mg, 

Aldrich, 96%), and bis(trifluoromethane)sulfonimide lithium salt (5.8 mg, LiTFSI, 

Aldrich, 99.95%) in anhydrous chlorobenzene (1 ml, Aldrich, 99.8%). After 

coating the HTM solution, the Au electrode (80 nm) was deposited by thermal 

evaporation. The metal electrodes were deposited using shadow masks to define 

the active area. The active area of each device (0.1–0.15 cm
2
) was measured using 

an optical microscope. 

 

Characterization 

The morphology and thickness of the films were examined by field-emission 

scanning electron microscopy (FE-SEM, Hitachi S-4300). Pt coating on a sample 

was performed when it was necessary. The absorbance of the perovskite films was 

measured using a UV-vis spectrophotometer (Perkin Elmer, Lambda 35). X-ray 

diffraction (XRD) patterns were obtained on a Rigaku Ultima IV. The current 

density–voltage (J–V) characteristics were measured using a Keithley model 2400 

source measurement unit and a solar simulator equipped with a 1000-W xenon 

lamp (Yamashida Denso, YSS-50S) and a KG-3 filter. A Si solar cell calibrated by 

the National Renewable Energy Laboratory (NREL) was used to adjust the light 

intensity to the AM 1.5G 1 sun condition (100 mW/cm
2
). During all J–V 

measurements, non-reflective black masks were attached to the devices to exclude 

diffused light scattering. The incident photon-to-current conversion efficiency 

(IPCE) was measured using a K3100 EQX spectral IPCE measurement system. 
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The steady-state photoluminescence (PL) spectra of perovskite films were obtained 

by exciting at 460 nm using a Fluorolog3 photoluminescence spectrometer system 

with a monochromator (iHR320, HORIBA Scientific). Time-resolved 

photoluminescence (TR-PL) measurements were performed at the PL maxima of 

the CH3NH3PbI3 perovskite (770 nm), using time-correlated single photon counting 

module (TCSPC, MPD-PDM Series DET-40 photon counting detector and 

Pendulum CNT-91 frequency counter) combined with a monochromator as the 

detector, and second-harmonic generated 400 nm laser as the excitation source 

derived from 800 nm Ti:Sapphire laser (Mai Tai, Spectra-Physics). To obtain the 

transient photovoltage, the laser pulse (λ = 532 nm, pulse duration = 7 ns, LCS-

DTL-314QT, Laser-Export) was irradiated from the counter electrode side, while 

the bias light (Coherent, LabLaser, λ = 635 nm) was illuminated from the working 

electrode side. 

 

3-3. Results and Discussions 

The self-assembling properties of BCPs can provide nanoporous templates for 

one-dimensional or two-dimensional nanofabrication [35-36, 40]. Owing to the 

macroscopically ordered nanoscale morphology, BCP nanotemplates have been 

mostly used for various nanoscale devices. As shown in Figure 3-1, we first 

fabricated nanoporous templates on FTO/compact TiO2 layers using BCPs of PS-

PMMA. Then, vertically aligned TiO2 nanorods and nanowalls were synthesized 

from the nanoporous templates. PSCs were fabricated using TiO2 nanostructures as 

the ETL of the devices. The main configuration of the devices was FTO/compact 

TiO2 layer/TiO2 nanostructures/CH3NH3PbI3/spiro-MeOTAD/Au. Each layer is 
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well defined, as shown in the SEM cross-sectional image (Figure 3-2). The detailed 

procedures are explained in the experimental section. 

 

 

Figure 3-1. Schematic illustration of the fabrication process: (a) Spin coating BCP, 

solvent, and thermal annealing; (b) selective removal of cylindrical nanodomains 

by UV irradiation; (c) dip-coating of TTIP solution; (d) removal of the over-coated 

layer by CF4 RIE; (e) annealing at 500 °C; (f) spin-coating of perovskite layers and 

spiro-OMeTAD, and deposition of an electrode. 

 

 

Figure 3-2. FE-SEM images of perovskite solar cells using TiO2 nanostructures 

from BCPs nanotemplates as an electron transport layer: (a) TiO2 nanorods; (b) 

TiO2 nanowalls. Both scale bars are 500 nm. 
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To confirm the vertical orientation of nanoporous templates, FE-SEM 

experiments were performed. The FE-SEM images in Figure 3-3 show nanoporous 

templates on the FTO/TiO2 compact layer, which were fabricated from PS(46)-

PMMA(21) and PS(80)-PMMA(80) [41-44]. In Figure 3-3a, we can observe the 

nanopores in a close-packed hexagonal array, which are perpendicularly oriented 

and well established from the top to the bottom of the template (~200 nm thickness) 

as shown in the inset of a side-view image. The average diameter and the center-to-

center spacing of the nanopores were 15 nm and 35 nm, respectively. In the case of 

PS(80)-PMMA(80), which forms lamellar nanodomains, a template with 

nanogrooves in a finger-printed pattern was obtained, as shown in Figure 3-3b. The 

average width of the nanogrooves was 45 nm with a spacing of 25 nm. The side-

view image in the inset of Figure 3-3b shows a nanogrooves template with 

thickness of ~200 nm. 

 

 

Figure 3-3. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores from PS(46)-PMMA(21); (b) a template with nanogrooves 

from PS(80)-PMMA(80). The insets are side-view images. All scale bars are 100 

nm. 



 

 66 

 

Figure 3-4. FE-SEM images of TiO2 nanostructures: (a) TiO2 nanorods synthesized 

from the template shown in Figure 3-3a; (b) TiO2 nanowalls synthesized from the 

template shown in Figure 3-3b. The insets are side-view images. All scale bars are 

100 nm. 

 

Figure 3-4 shows the FE-SEM images of TiO2 nanostructures fabricated from 

the nanoporous templates shown in Figure 3-3. In the top-view image of Figure 3-

4a, we can observe the tops of hexagonally packed nanorods. The well-aligned and 

perpendicularly oriented nanorods were confirmed by the side-view image. The 

average nanorod diameter and the center-to-center distance between adjacent 

nanorods were 17 nm and 35 nm, respectively. Thus, each nanopore of the template 

produced one TiO2 nanorod so that the control over nanorods was achieved using 

the template. The height of the nanorods (~120 nm) is smaller than the thickness of 

the template (~200 nm) because of RIE used for the removal of the over-coated 

layer and densification by calcination. The nanowall structure was also synthesized 

from the nanogrooves template (Figure 3-3b). In the top-view image of Figure 3-4b, 

the top parts of the TiO2 nanowalls in the fingerprint pattern are visible. The 

average width and the spacing of the nanowalls were 25 nm and 45 nm, 

respectively. We note that the TiO2 nanowalls synthesized from the nanogrooves 
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template are not perfectly vertical but slightly tilted, presumably because of the 

irregularity of both spacing and width of the PS nanogroove template. The side-

view image in the inset of Figure 3-4b shows TiO2 nanowalls with heights of 100 

nm. Hence, these results demonstrate that the final morphology of the TiO2 

nanostructures with vertical orientation on the FTO/compact TiO2 layer can be 

effectively controlled by nanoporous templates produced from self-assembled BCP 

thin films. 

 

 

Figure 3-5. X-ray diffraction (XRD) patterns of the TiO2 nanorods and nanowalls. 

 

The crystalline structure of the TiO2 nanostructures on FTO glass was confirmed 

by X-ray diffraction (XRD) patterns. We fabricated anatase crystalline TiO2 

nanostructures from the nanoporous templates by annealing at 500 °C in air, which 

resulted in the generation of the anatase crystalline TiO2 nanostructures and the 

complete removal of the BCP nanotemplates. The sharp peaks at 25.3° in Figure 3- 

5 are the main characteristic anatase TiO2 peaks (101), indicating that the as-

prepared TiO2 nanostructures have an anatase phase [19, 45]. 
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Figure 3-6. FE-SEM images of perovskite film coated on FTO/compact TiO2 

layer/TiO2 nanostructures: (a) TiO2 nanorods; (b) TiO2 nanowalls. Both scale bars 

are 200 nm. 

 

The as-prepared TiO2 nanostructures from BCP nanotemplates were loaded with 

perovskite absorbers using the sequential deposition method for PSCs [46-47]. It is 

critical to form perovskite layers with full coverage and smooth surfaces. An 

incomplete coverage of the perovskite film results in low shunt resistance and low 

light absorption in the solar cell [48]. In the top-view SEM images in Figure 3-6a, 

no TiO2 nanorods can be observed, indicating a smooth surface with compact 

grains and full coverage of the perovskite capping layer. However, when we 

observe the SEM image of TiO2 nanowalls/perovskite, pinholes appear frequently 

in the perovskite capping layer, as marked by the dashed white circles as shown in 

Figure 3-6b. 
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Figure 3-7. (a) Current density–voltage (J–V) curves of the best-performing device 

based on TiO2 nanostructures under 100 mW/cm
2
 AM 1.5G illumination. (b) 

Incident photon-to-current conversion efficiency (IPCE) spectra of the best-

performing device based on the TiO2 nanostructures. 

 

We fabricated PSCs based on the TiO2 nanostructures using BCP nanotemplates. 

The J–V characteristics of the best-performing device based on the TiO2 

nanostructures are shown in Figure 3-7a. To clearly compare the photovoltaic 

performance of the TiO2 nanorods and nanowalls, the individual photovoltaic 

parameters are summarized in Table 3-1. The best device based on TiO2 nanorods 

showed the highest PCE of 15.5% with VOC of 1.02 V, JSC of 20.0 mA/cm
2
, and a 

remarkably high FF of 76.1%. In contrast, the best device based on TiO2 nanowalls 

showed a PCE of 12.6% with VOC of 1.00 V, JSC of 17.6 mA/cm
2
, and FF of 71.7%. 

These results indicate that TiO2 nanostructures using block copolymer templates 

satisfy the prerequisite for a desirable ETL in PSCs. Figure 3-7b shows the high 

and broad incident photon-to-current efficiency (IPCE) over the entire spectral 

range of visible light. The integrated JSC values for TiO2 nanorods and nanowalls 

calculated from the IPCE spectrum under AM 1.5G photon flux are 19.0 and 15.7 
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mA/cm
2
, respectively, which are in agreement with the JSC measured in the J–V 

curves (20.0 and 17.6 mA/cm
2
, respectively).  

 

 

Figure 3-8. UV-vis spectra of the TiO2 nanostructures/CH3NH3PbI3 films. 

 

The higher JSC obtained from the TiO2 nanorods is expected because of the 

higher loading of the perovskite absorbers as shown in Figure 3-8 [49]. In this 

study, the VOC is not simply determined by the difference between the electron 

Fermi level at TiO2 and the hole Fermi level at the HTM. The higher VOC for the 

TiO2 nanorods-based device is also related to the extent of the injected electrons. 

Although the same perovskite material was used for both TiO2 nanorods and 

nanowalls, the difference in electronic behavior indicates that photogenerated 

electrons are in part injected to TiO2 and the extent of electron injection can be 

influenced by the morphology of TiO2 [50-52]. 

 

Samples VOC (V) JSC (mA/cm
2
) FF (%) PCE (%) 

TiO2 nanorods 1.02 20.0 76.1 15.5 

TiO2 nanowalls 1.00 17.6 71.7 12.6 

 

Table 3-1. Photovoltaic parameters for the device based on TiO2 nanostructures. 
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Figure 3-9. (a) Steady-state and (b) time-resolved PL decay of the perovskite 

deposited on glass and glass/TiO2 nanostructures. 

 

To compare the charge transfer behavior and charge recombination at the 

interface between the perovskite and TiO2 nanostructures, we measured the steady 

state and time-resolved photoluminescence (PL) [27, 53]. Figure 3-9 shows the 

steady-state and time-resolved PL spectra, respectively, of the three samples, 

glass/perovskite, glass/TiO2 nanorods/perovskite, and glass/TiO2 

nanowalls/perovskite. As shown in Figure 3-9a, the steady-state PL intensities of 

the TiO2 nanorods and nanowalls/perovskite systems were noticeably reduced 

compared to the neat perovskite. In particular, the most significant PL quenching 

was observed for TiO2 nanorods/perovskite systems, indicating the effective charge 

extraction from perovskite to TiO2 nanorods before recombination. The decay 

process with time was also evaluated by fitting the measured time-resolved PL 

spectra with a bi-exponential decay function (I(t) = A1e
-t/τ1

+ A2e
-t/τ2

) containing fast 

and slow decay processes. Subscript 1 and 2 stand for the fast and slow process, 

respectively. The τ and A denote the decay time constant and the degree of 

contribution for the corresponding process, respectively. The fast decay process 

originates from the quenching of the excited electron transfer from perovskite to 
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the TiO2 nanostructures, and the slow decay process is related to the radiative 

decay of the excited electron back to the ground state of the perovskite [54]. For 

neat perovskite on glass, the decay lifetime is 19.7 ns, which is in good agreement 

with previous reports (19.5 ns) [55].
 
A rapid decay was observed when perovskite 

was deposited on the TiO2 nanostructures, as shown in Figure 3-9b and Table 3-2. 

Smaller τ1 and larger A1 can be interpreted as fast charge extraction from the 

excited electrons in perovskite into TiO2, and its contribution to the total quenching 

process, respectively. Therefore, smaller τ1 and larger A1 are desirable for better 

performance. Compared to systems without TiO2 nanostructures system, shorter τ1 

and larger A1 values were obtained for the TiO2 nanostructure/perovskite system. 

Interestingly, the TiO2 nanorods/perovskite system showed a much faster decay (τ1 

~2.9 ns) and a larger contribution of the charge extraction process compared to 

others, suggesting that the TiO2 nanorods could lead to effective charge extraction 

from excited electrons in the perovskite because of the largest surface-to-volume 

ratio originated from the one-dimensional morphology [54]. This result also 

accounts for the significantly improved JSC and FF in TiO2 nanorod-based PSCs by 

enhancement of the charge separation and suppression of the radiative charge 

recombination [56]. 
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Samples τ1 (ns) τ2 (ns) Normalized fit function 

Neat perovskite 5.2 19.7 
           

             

TiO2 NR/perovskite 2.9 7.6 
           

             

TiO2 NW/perovskite 3.3 8.9 
           

             

 

Table 3-2. Parameters of time-resolved PL decay from the bare perovskite and the 

glass/TiO2 nanostructures/perovskite. 

 

 

Figure 3-10. Transient photovoltage decay curves for perovskite solar cells based 

on TiO2 nanorods and nanowalls. 

 

To further compare the charge recombination behavior between TiO2 

nanostructures, we performed transient photovoltage analysis [57-58]. As shown in 

Figure 3-10, the TiO2 nanorods exhibit a slightly longer charge recombination 

lifetime of 5.5 µs under our experimental condition, while it was 3.3 µs for the 

TiO2 nanowalls. The morphology of the TiO2 nanowalls does not seem very 

homogeneous because the TiO2 precursor solution was infiltrated into the poorly 
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aligned PS nanogroove domains. The faster charge recombination of TiO2 

nanowalls might be associated with incomplete infiltration and coverage of the 

perovskite on the TiO2 nanostructures [59-60]. Consequently, relatively poor 

performances were obtained such as lower VOC, FF, and inferior PCE, as 

summarized in Table 3-3. Furthermore, pinholes in the TiO2 nanowalls/perovskite, 

as shown in Figure 3-6b, might increase the possibility of shunt paths, resulting in 

severe recombination of electrons in the TiO2 nanowalls with holes in spiro-

OMeTAD [61]. Unlike TiO2 nanowall-based PSCs, the perpendicularly oriented 

TiO2 nanorods have effective nanostructures that can act as scaffolds in the PSCs 

as a result of the full coverage perovskite capping layers, thus, accounting for the 

suppressed charge recombination and the best photovoltaic performance. 

 

Samples VOC (V) JSC (mA/cm
2
) FF (%) PCE (%) 

TiO2 nanorods 1.01 ± 0.01 20.0 ± 1.2 70.7 ± 3.8 14.7 ± 0.7 

TiO2 nanowalls 0.99 ± 0.01 16.0 ± 0.9 64.1 ± 3.2 10.3 ± 1.0 

 

Table 3-3. Average photovoltaic parameters calculated from 20 samples fabricated 

with TiO2 nanorods and nanowalls. 

 

3-4. Conclusions 

In summary, we demonstrated highly efficient PSCs using vertically oriented 

TiO2 nanostructures from a template with cylindrical nanopores and nanogrooves. 

Block copolymers (BCPs) self-assembly method was developed to fabricate well-

ordered TiO2 nanostructures on FTO glass. The control over the morphology of 
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BCP nanotemplates was enabled by changing the molecular weights of the BCPs, 

which allowed for the adjustment of TiO2 nanostructures as an ETL for PSCs. The 

TiO2 nanorods enhanced charge transfer compared to the nanowalls, which 

exhibited higher PL quenching efficiency with faster TR-PL decay. The charge 

recombination lifetime value in the TiO2 nanorods-based PSCs is slightly longer 

than that in the nanowalls-based PSCs. Vertically aligned TiO2 nanorods-based 

PSCs exhibited a maximum PCE as high as 15.5%. The results suggest that 

perpendicularly oriented TiO2 nanostructures fabricated from BCP nanotemplates 

are promising as an ETL and nanostructured scaffold. 
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Chapter IV. 

Improving Performance and 

Stability of Flexible Planar-

heterojunction Perovskite Solar 

Cells using Polymeric Hole 

transport Material 
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4-1. Introduction 

Over the past few years, organic-inorganic hybrid lead halide PSCs have 

been recognized as a promising candidate for realizing deformable solar cells 

on flexible substrates since it was demonstrated that highly crystalline and 

uniform perovskite films could be formed by simple low-temperature 

solution processes. To date, many high-efficiency PSCs have been prepared 

based on mesoporous-TiO2-scaffolds. However, although these PSCs have 

shown high power conversion efficiencies (PCEs) of over 21%, the high-

temperature processes ( 400 °C) required to obtain a high-quality 

condensed TiO2 films limit their use in flexible PSCs [1-13]. 

As an alternative to the mesoporous-TiO2-scaffold-based PSC, the planar- 

heterojunction (PHJ) PSC has been investigated extensively owing to the 

ability to fabricate a solar cell device using advantageous mild processing 

conditions [14-24]. One of key requirements for realizing flexible PHJ PSCs is 

to develop low-temperature processable interlayer materials with excellent charge 

transporting properties. Several normal-type flexible devices have recorded 

high PCEs, i.e., above 15%, because of the development of low-temperature 

processable electron-transporting layer (ETL) materials such as ZnO, 

Zn2SnO4, and TiOx, which are suitable for the fabrication of flexible PHJ 

PSCs on plastic substrates [25-32]. In contrast, due to the absence of 

appropriate hole-transport layer (HTL) materials, the fabrication of most 

flexible solar cell devices with an inverted-type architecture has been usually 

attempted using poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) as the HTL; the resulting devices, however, showed limited 
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performance with relatively low PCEs, i.e., below 14%, compared with the 

normal-type flexible solar cell device [33-41].
 
Such low efficiency has been 

mainly attributed to the unfavorable properties of PEDOT:PSS for solar cell 

device performance:
 
(1) the PEDOT:PSS film displays relatively poor charge 

transport in the out-of-plane direction due to its lamellar structure and 

resulting anisotropic electrical conductivity; (2) the relatively low work 

function (WF) of PEDOT:PSS (~5.0 eV), as compared with the valence band 

maximum of perovskite (~–5.3 eV for CH3NH3PbI3), leads to a potential 

energy loss at the interface between perovskite and PEDOT:PSS, resulting in 

lowering of the built-in potential within the solar cell device; and (3) the 

acidity of PEDOT:PSS (pH ~1) corrodes the adjacent layers, which include 

transparent anodes and a perovskite photoactive layer, and hence accelerates 

device degradation [42-46]. However, polymeric materials potentially have 

many unique advantages as a charge transport material of flexible PHJ PSCs, 

including its low-temperature solution processability with a good solubility, 

optoelectrical properties that can be controlled by tailoring the chemical 

structures of the conjugated backbones and pendant substituents, and higher 

mechanical flexibility compared with inorganic compounds. It is worth 

noting that the polymeric materials have been successfully introduced into 

various optoelectronic devices by using solution processes at low 

temperature, such as organic light-emitting diodes and organic solar cells 

[47-53]. Therefore, the development of new polymeric materials for HTL has 

become important for improving the performance of flexible PHJ PSCs. It is 

necessary to develop suitable polymeric materials for applications that use 

flexible PHJ PSCs and to intensively study the effects of the HTL on the 
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photovoltaic performances of these PSCs. 

Here, we introduced a polymeric hole-transport material resulting from the 

copolymerization of 1,4-bis(4-sulfonatobutoxy)benzene and thiophene 

moieties (PhNa-1T) and the application of this polymer to high-performance 

inverted-type PHJ PSCs on a flexible substrate. The developed solar cell 

device showed higher efficiency than did the corresponding PEDOT:PSS-

based device, resulting in a noticeable PCE of 14.7%. We investigated the 

reasons for the notable improvement in the photovoltaic properties of the 

PhNa-1T-based PSCs by performing various experimental analysis. The air 

stability and mechanical properties of the PhNa-1T-based flexible PSCs were 

also tested to further assess their potential future in the solar cell market. 

 

4-2. Experimental Section 

Materials 

PEN/ITO purchased from Hanalintech. Lead iodide (PbI2, 99.9%) was purchased 

from Alfa Aesar. Methylammonium iodide (MAI) was purchased from Dyesol. 

PEDOT:PSS solutions (Clevios AI 4083) were purchased from Heraeus. [6,6]-

Phenyl-C61-butyric acid methyl ester (PC61BM, >99%), chlorobenzen (CB, 99.8%), 

N,N-dimethylformamide (DMF, 99.8%), and dimethyl sulfoxide (DMSO, >99.9%) 

were purchased from Sigma-Aldrich. 

 

Synthesis of PhNa-1T 

To a
 
solution of 2,5-Dibromo-1,4-bis(4-sulfonatobutoxy) phenylene sodium salt 

(225 mg, 0.39 mmol) and Thiophene-2,5-diboronic acid bis(pinacol) ester (129 mg, 
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0.39 mmol) in DMF (8 mL) was added Na2CO3 (204 mg, 1.93 mmol) in deionized 

water (2 mL). The solution was flushed with N2 for 20 min and then 10 mg of 

Pd(PPh3)4 was added. After having been stirred for 24 h at 90 °C, the reaction 

mixture was poured into acetone and collected by filtration. The crude product was 

purified by dialysis using a semipermeable membrane (molecular weight cutoff = 

3500) and then dried in vacuum to afford the PhNa-1T (208 mg, 92%). 
1
H NMR 

(300 MHz, DMSO-d6):  (ppm) 7.81–6.98 (m, 4H), 4.16–3.92 (m, 4H), 3.20–3.05 

(m, 20H), 1.82–1.68 (m, 8H), 1.66–1.48 (m, 16H), 1.41–1.26 (m, 16H), 1.02–0.75 

(m, 24H). GPC: Mn = 9.4 kg mol
-1

, PDI = 1.39. Elemental analysis: C 41.2, H 4.3, 

S 18.0. In order to identify the chemical structure and molecular weight of 

synthesized polymer, nuclear magnetic resonance (NMR) and gel permeation 

chromatography (GPC) data were obtained after ion exchange with 

tetrabutylammonium bromine. 

 

Device fabrication 

ITO on PEN substrates (2.5 cm × 2.5 cm) were cleaned by sonication in ethanol, 

acetone, and isopropyl alcohol, followed by UV-ozone treatment for 20 min. The 

PhNa-1T (5 mg mL
-1

) were dissolved in deionized water:isopropyl alcohol (1:1 v/v) 

and filtered with a 0.45 μm PVDF syringe filter before spin-coating. The PhNa-1T 

(or PEDOT:PSS) solution was then spin coated on the ITO substrate and the 

resulting film was annealed at 100 ºC for 10 min. CH3NH3PbI3 perovskite layers 

were prepared by following highly reproducible one-step deposition method using 

the Lewis base adduct. 461 mg of PbI2, 159 mg of CH3NH3I and 78 mg of DMSO 

were added in 600 mg of a DMF solution. After stirring for 1 h at room 

temperature, the precursor solution was sequentially spin-coated on HTL at 1000 
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rpm for 5 s and 4000 rpm for 15 s, sequentially. During the second spin-coating, 

0.5 ml of diethyl ether was poured on the top of substrate. Then, the spun film was 

thermally annealed at 65 °C for 1 min and then 100 °C for 2 min to form a 

CH3NH3PbI3 film. A PC61BM solution (2 wt% in CB) was spin coated on the 

perovskite layer at 1500 rpm for 40 s. Finally, Ag electrode was deposited by 

thermal evaporation under vacuum (<10
−6

 Torr) with a thickness of 120 nm. The 

active area of each cell was ca. 0.12 cm
2
. When PhNa-1T was utillized as HTL of 

PSC, the optimized thickness was around 9 nm. 

 

Characterization 

The chemical structures were explored by 
1
H NMR (Avance DPX-300) using 

dimethyl sulfoxide-d6 (DMSO-d6) as a solvent and tetramethylsilane as an internal 

reference material. Elemental analysis was performed using a carbon/sulfur 

analyzer (CS600, LECO). Molecular weights and distribution of polymers were 

characterized by GPC (Waters) with a refractive index detector (Waters 2414), 

where DMF was used as an eluent, and the molecular weights were calibrated by 

polystyrene standards. Surface topography and average surface roughness were 

obtained by using an AFM (Park System, NX10) in the noncontact mode. The 

transmittance of HTL was measured by UV-vis spectrophotometer (Perki-nElmer, 

Lambda 35). The contact angle of each film was measured using an automatic 

microscopic contact angle meter (PCA-1, Kyowa Interface Science). The 

morphology and thickness of the films were examined by field-emission scanning 

electron microscopy (FE-SEM, Hitachi S-4300). GIXRD were measured at PLS-II 

9A U-SAXS beamline of the Pohang Accelerator Laboratory in Korea. The current 

density–voltage (J–V) characteristics were measured using a Keithley model 2400 
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source measurement unit and a solar simulator equipped with a 1000 W xenon 

lamp (Yamashida Denso, YSS-50S) and a KG-3 filter. A Si solar cell calibrated by 

the National Renewable Energy Laboratory (NREL) was utilized to adjust the light 

intensity to the AM 1.5G 1 sun condition (100 mW cm
-2

). During all J–V 

measurements, non-reflective black masks were attached to the devices to exclude 

diffused light scattering. The external quantum efficiency (EQE) of each cell was 

measured as a function of wavelength on an incident photon-to-current conversion 

equipment (PV Measurements Inc.). Ultraviolet photoelectron Spectroscopy (UPS) 

and X-ray photoelectron spectroscopy (XPS) were obtained using PHI 5000 

(ULVAC). Impedance analysis was carried out using a Solartron 1287 potentiostat 

and a Solartron 1260 frequency-response detector in the frequency range of 0.1 

Hz~1.5 MHz with a perturbation amplitude of 10 mV. Zview software was used for 

fitting the obtained impedance spectra with appropriate equivalent circuit. Time-

resolved photoluminescence was performed  at the PL maxima of CH3NH3PbI3 

perovskite (770 nm) using a time-correlated single photon counting (TCSPC) 

module (MPD-PDM Series), and second-harmonic generated 400 nm laser was 

used as a excitation source derived from 800 nm Ti:Sappahire laser (Mai Tai, 

Spectra-Physics). 

 

4-3. Results and Discussion 

PhNa-1T, poly[1,4-bis(4-sulfonatobutoxy)benzene-alt-thiophene] was 

synthesized via the Pd-catalyzed Suzuki coupling reaction in a dimethylformamide 

(DMF)/water co-solvent, as shown in Figure 4-1. 
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Figure 4-1. Synthesis of CPE (PhNa-1T) by polymerization of dibromo1,4-bis(4-

sulfonatobutoxy)benzene with diborates of thiophene. 

 

Density functional theory (DFT) calculation for the truncated molecular 

compounds reveals that the torsion angles of PhNa-1T has planar structures with 

smaller torsion angles below 10° as shown in Figure 4-2. Such high planarity of the 

PhNa-1T backbones is favorable for the π-π interaction between polymer 

backbones. The π-π interaction enables enhancement of electrical conductivity of 

the out-of-plane for PhNa-1T [47]. 

 

 

Figure 4-2. Torsion angles of the repeating units of PhNa-1T. 

 

The inverted-type PHJ PSC was prepared with a polyethylene naphthalate 

(PEN)/indium tin oxide(ITO)/HTL/perovskite/[6,6]-phenyl-C61-butyric acid methyl 

ester (PC61BM)/Ag device structure as shown in Figure 4-3a. PhNa-1T was used as 

the HTL material and its chemical structure is shown in Figure 4-3b. PhNa-1T has 
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advantageous properties for PHJ PSC applications, such as a high electrical 

conductivity of 2.6  10
–4 

S cm
–1

 due to its intrinsic doping during dialysis 

procedure and its good hole-transport in the out–of–plane direction. Moreover, 

PhNa-1T was shown to have a relatively high WF of 5.2 eV, which is higher than 

that of PEDOT:PSS (WF = 5.0 eV) (Figure 4-3c) and which is hence more suitable 

for forming an Ohmic contact with the perovskite active layer [47, 54]. Because 

PhNa-1T is highly soluble in water and water/alcohol solutions, PhNa-1T HTLs 

can be simply deposited on ITO by using a low-temperature spin-coating process. 

A water/isopropyl alcohol cosolvent (1:1 v/v) was used for the spin-casting, 

resulting in a smooth and homogeneous PhNa-1T film on ITO/PEN. The PhNa-1T 

film on ITO/PEN was observed in atomic force microscopy (AFM) images (Figure 

4-3d) to have an extremely smooth surface, with a low root mean square (RMS) 

roughness below 1 nm, whereas the PEDOT:PSS film coated on the same substrate 

exhibited a relatively rougher surface with an RMS value of 1.76 nm. The smooth 

surface of the PhNa-1T film is beneficial for forming a good contact between the 

HTL and perovskite layers. Figure 4-3e compares changes in the transmission 

spectra resulting from the deposition of HTLs on ITO/PEN. The PhNa-

1T/ITO/PEN film yielded high optical transmittance values of over 80% in the 

visible range, though the transmittance in the wavelength range below 600 nm was 

slightly lower than that of the corresponding PEDOT:PSS film due to the 

absorption by PhNa-1T. Methylammonium lead iodide (CH3NH3PbI3) perovskite 

layers were prepared by following the one-step deposition method using a Lewis 

base adduct, resulting in ~400 nm thick perovskite layers on HTLs. Before coating 

the perovskite layer, we performed some experiments to test if PhNa-1T satisfies 

the basic properties required for the device fabrication.  
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Figure 4-3. a) Device architecture of the PHJ PSC. b) Chemical structure of PhNa-

1T. c) Schematic energy diagrams of the PHJ PSC. d) Topographic AFM images (2 

µm  2 µm) of PEDOT:PSS and PhNa-1T films deposited on ITO/PEN. e) 

Transmission spectra of PEDOT:PSS and PhNa-1T films deposited on ITO/PEN. 

 

We compared UV-vis absorption spectra of the PhNa-1T film before and after 

washing with a processing solvent, a DMF/DMSO mixture and could not find any 

significant change between them. The PhNa-1T film is resistant against the 

processing solvent enough for minimizing its damages. The contact angle of a 

DMF/DMSO mixed drop on the PhNa-1T film is measured and found below 10˚, 

which shows its high wettability with the processing solvent (Figure 4-4). Such 

appropriate physical properties of PhNa-1T for the solution process enable the 

perovskite layer deposited without an additional modification of the PhNa-1T 

surface. On top of this perovskite layer, a 50 nm thick layer of PC61BM was spin-

coated and then 120 nm of an Ag cathode was thermally evaporated. 
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Figure 4-4. a) UV–Vis absorption spectra of the PhNa-1T film on ITO as prepared 

and after washed with a processing solvent (DMF/DMSO mixture). b) Processing 

solvent drops on the surfaces of the PhNa-1T film, showing contact angle below 

10°. 

 

Figure 4-5a shows the current density–voltage (J–V) curves of the flexible PHJ 

PSCs containing either PEDOT:PSS or PhNa-1T HTLs on ITO/PEN, and the 

photovoltaic parameters determined for these PSCs are summarized in Table 4-1. 

The solar cell device incorporating PEDOT:PSS showed a PCE of 8.4% with a VOC 

of 0.88 V, a JSC of 14.4 mA cm
−2

, and an FF of 66.2%. When PEDOT:PSS was 

replaced with PhNa-1T, all photovoltaic parameters were markedly enhanced and 

the best-performing device achieved a noticeable PCE of 14.7% with a VOC of 1.03 

V, a JSC of 18.4 mA cm
−2

, and an FF of 77.4%. As shown in Figure 4-5a, PhNa-1T-

based devices (WFs ≈ 5.21 eV) might lead to a larger difference between electron 

Fermi level at PC61BM and hole Fermi level at HTLs as compared to PEDOT:PSS-

based devices (WFs ≈ 4.97 eV), in spite of using the same active layer (perovskite) 

and electron extracting layers (PC61BM), thus resulting in a higher VOC [55, 56]. 
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Also, PEDOT:PSS-based devices showed that the FF of these cells was reduced by 

series resistance; a significant fraction of which was resulted from degradation of 

the ITO and active layer due to acidic PEDOT:PSS HTL [57, 58]. External 

quantum efficiencies (EQEs) of the solar cell devices were measured under 

monochromatic light (Figure 4-5b). The integrated JSC values calculated from the 

EQE spectra were 14.1 and 18.2 mA cm
−2

 for the flexible PSCs with PhNa-1T and 

PEDOT:PSS, respectively, which are well consistent to the JSC values obtained 

from the J–V measurements. Figure 4-5c and d shows the J–V curves obtained 

from the forward and reverse individual scans for the flexible devices. Negligible 

J–V hysteresis was observed for the both devices. This result was probably due to 

the good balance between electron and hole fluxes [24, 38].  

 

HTL VOC (V) JSC (mA/cm
2
) FF (%) PCE (%) 

PEDOT:PSS (30 nm) 0.88 (0.88)  14.4 (13.4) 66.2 (63.0) 8.4 (8.0) 

PhNa-1T (9nm) 1.03 (1.01) 18.4 (17.6) 77.4 (73.6) 14.7 (13.3) 

 

Table 4-1. Photovoltaic properties of flexible PHJ PSCs measured under standard 

AM 1.5G illumination and the values in brackets are the averages parameters’ 

averaged values calculated from 30 devices. 
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Figure 4-5. a) J−V curves and b) EQE spectra of the flexible PHJ PSCs 

(PEN/ITO/HTL/CH3NH3PbI3/PC61BM/Ag) with PEDOT:PSS and PhNa-1T HTLs. 

Inset of a) is a photograph of the flexible PhNa-1T-based PHJ PSC fabricated in the 

current work. J–V curves of flexible perovskite solar cells 

(PEN/ITO/HTL/CH3NH3PbI3/PC61BM/Ag) using c) PEDOT:PSS and d) PhNa-1T 

HTL under backward and forward scans with 100 ms delay time. 
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Figure 4-6. a) VOC distributions of flexible perovskite solar cells with PEDOT:PSS 

and PhNa-1T HTL. b) UPS spectra of HTLs before and after MAI deposition. S2p 

XPS spectra of c) PEDOT:PSS and d) PhNa-1T before and after MAI deposition. e) 

Energy level change of PEDOT:PSS after MAI deposition. 

 

To understand the improved performances of the PhNa-1T-based PSCs, different 

VOCs between PSCs using PEDOT:PSS and PhNa-1T HTLs were investigated. In 

our experiments, the PhNa-1T-based PSCs reproducibly exhibited higher VOC 

values, with an average value of 1.01 V, than did the PSC devices using 

PEDOT:PSS, whose average VOC was 0.88 V. This VOC value is about the same as 

the ~0.9 V value reported for PEDOT:PSS-based PSCs by many other research 

groups [33-41]. The difference in VOC values between the two types of devices can 

be explained by a reduced energy loss at the HTL/perovskite interface resulting 

from the small difference in the energy level between the WFs of PhNa-1T (5.2 eV)  
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and the maximum level in the perovskite valence band (–5.3 eV) (Figure 4-3c) [22, 

37, 45]. Moreover, as shown in the histogram of VOC values obtained from 30 

devices (Figure 4-6a), PhNa-1T-based PSCs yielded a narrower distribution of VOC 

values than did the PEDOT:PSS-based PSCs. The methyl ammonium iodide (MAI) 

precursor presumably induces changes in the properties of PEDOT:PSS located 

near the PEDOT:PSS/perovskite interface during the perovskite layer processing 

step. In order to investigate such a possibility, we prepared a PEDOT:PSS film that 

was post-treated with a 1 wt% MAI solution in DMF and studied how the 

properties of this film change as a result of this treatment by using ultraviolet 

photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS). 

From the UPS result in Figure 4-6b, it was found that the WF of the PEDOT:PSS 

film decreased from 5.0 eV to 4.7 eV with the MAI deposition. In addition, as 

shown in Figure 4-6c, the XPS spectra of the PEDOT:PSS film treated with MAI 

differed from that of the pristine PEDOT:PSS film; the S 2p peak of PSS at 168.0 

eV was shifted to 168.2 eV after the MAI deposition.  
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Figure 4-7. a) Proposed chemical reaction occurred on the surface of PEDOT:PSS 

film after MAI deposition, and b) scheme for the formation of interface dipole on 

the surface of PEDOT:PSS film and it influence on the work function of 

PEDOT:PSS. 

 

These results may have been due to a counterion exchange reaction of the PSS 

polymer with MAI (Figure 4-7) at the PEDOT:PSS surface; because the formed HI 

in Figure 4-7a can easily evaporate due to its low boiling point and the reaction of 

the forward direction would be more favorable. There would be a slight electron 

transfer from the nitrogen atom of MAI to PEDOT:PSS, which leading to the 

formation of interface dipoles. This may have induced vacuum-level shift and the 

decreased WF. It is known that the electrical characteristics of the PEDOT:PSS 

film can be changed by a treatment of the amine compounds [59-63]. From the 
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result, it is suggested that the WF of PEDOT:PSS changed as a result of the 

deposition of the perovskite layer (Figure 4-6e), though further studies are 

necessary. Also, this may be related to the low reproducibility of the VOC results for 

the PEDOT:PSS-based PSC devices because the degree of influence by MAI on 

PEDOT:PSS can be different for each deposition and thus PEDOT:PSS HTLs in 

the inverted PSCs may have variable WFs after the deposition of the perovskite 

layer. In contrast, the properties, including the 5.2 eV WF, of the neutral PhNa-1T 

film should not be affected significantly by being coated with MAI (Figure 4-6b 

and d). 

 

 

Figure 4-8. a) XRD patterns and b) SEM images of CH3NH3PbI3 films processed 

on PEDOT:PSS and PhNa-1T. c) Grain size distributions obtained from the SEM 

images. 

 

The morphologies of the perovskite films on the PEDOT:PSS and PhNa-1T 

HTLs were also explored. The crystalline structures of the perovskite films were 

compared by X-ray diffraction (XRD) analysis, as shown in Figure 4-8a. The 

PEDOT:PSS- and PhNa-1T-based perovskite films yielded overall similar 

diffraction patterns that indicated a tetragonal perovskite structure. The PhNa-1T-
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based perovskite film, however, yielded stronger and sharper XRD peaks, and the 

(110) peak showed a full width at half maximum (FWHM) value of 0.48, which 

was 13% smaller than that of PEDOT:PSS/CH3NH3PbI3 (FWHM = 0.55), 

suggesting that larger perovskite grains grew on the PhNa-1T layer. The different 

grain sizes of the perovskite films were clearly shown in the scanning electron 

microscopy (SEM) images of their top surfaces. As shown in Figure 4-8b, both the 

perovskite films on PEDOT:PSS and PhNa-1T exhibited densely packed 

morphologies with high surface coverages and film uniformity, but the average 

grain size of perovskite film on PhNa-1T showed ~114 nm, larger than that of the 

corresponding film on PEDOT:PSS (~65 nm) (Figure 4-8c). The improved 

morphology of the perovskite film on PhNa-1T may have contributed to the 

increases in JSC and FF of the PhNa-1T-based PSC described above because larger 

perovskite grains effectively suppresses charge recombination due to their reduced 

concentration of grain boundaries [64, 65]. These different perovskite growth 

patterns for the films on PEDOT:PSS and PhNa-1T may have been caused by 

different surface properties of PEDOT:PSS and PhNa-1T films, such as wettability 

or morphology.  
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Figure 4-9. a) Time-resolved PL decays of CH3NH3PbI3 films on bare quartz, and 

PEDOT:PSS, and PhNa-1T films. b) Bulk and c) interface recombination times of 

PHJ PSCs under different applied voltages. 
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HTL A1 t1 [ns] A2 t2 [ns] Average decay time [ns] 

Bare quartz 0.506 2.783 0.494 22.424 12.5 

PEDOT:PSS 0.779 1.677 0.221 21.847 6.1 

PhNa-1T 0.892 1.277 0.108 5.477 1.7 

 

Table 4-2. Fit parameters obtained from time-resolved PL spectra in Figure 4-9a 

using a double exponential function (A1exp(–t/t1) + A2exp(–t/t2)). 

 

The charge extraction/collection abilities of the HTLs were examined by 

determining time-resolved photoluminescence (PL) decays of the perovskite films. 

The time-resolved PL decays of the quartz/perovskite, PEDOT:PSS/perovskite, and 

PhNa-1T/perovskite are shown in Figure 4-9a and the related parameters are 

summarized in Table 4-2. The time-resolved PL profiles were fitted using a bi-

exponential function [66-69]. The average PL decay time of the perovskite film on 

the bare quartz substrate was found to be 12.5 ns, whereas the perovskite films 

deposited on the PEDOT:PSS and PhNa-1T HTLs yielded much reduced decay 

times of 6.1 and 1.7 ns, respectively. The lower decay time of the PhNa-

1T/perovskite film compared with the PEDOT:PSS/perovskite film indicates more 

efficient hole extraction at the PhNa-1T/perovskite interface, which may have 

resulted in reduced charge recombination and thus the improved JSC and FF values 

described above for the PhNa-1T-based PSCs. To better understand the charge 

recombination and charge transport behaviors in the PHJ devices, we performed 

electrochemical impedance spectroscopy studies in the frequency range of 0.1 

Hz~1.5 MHz under different applied voltages (Figure 4-10). The individual 
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electronic parameters were estimated by fitting curves with the equivalent circuit 

for inverted PSC reported by Huang group [70], and then short and long lifetimes, 

which were denoted as the interface recombination lifetime and bulk recombination 

time, respectively, were extracted. Much longer recombination time of the bulk 

component could be explained by low trap density in bulk of high crystalline 

perovskite films [70, 71]. As shown in Figure 4-9b, the PhNa-1T-based PSC 

exhibited extended bulk recombination lifetimes over the whole voltage range 

compared with the PEDOT:PSS device. Note that the relatively large perovskite 

grains of the PhNa-1T-based PSC would be expected to suppress charge 

recombination due to the reduced grain boundaries (Figure 4-8b). Moreover, the 

interface recombination lifetimes of the PSCs were found to increase after 

replacing PEDOT:PSS with PhNa-1T (Figure 4-9c). Such improvements were 

probably due to the smoother surface of the PhNa-1T film reducing the surface trap 

density at the HTL/perovskite interface. Also, better hole-transport of PhNa-1T in 

the out-of-plane direction may have contributed significantly to efficient charge 

transport. From the impedance spectroscopy study, we concluded that the 

introduction of PhNa-1T enhanced the solar cell performances of the PHJ PSC by 

simultaneously improving the properties of the bulk perovskite and of the 

HTL/perovskite interface in the PSC device. 
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Figure 4-10. Nyquist plots of perovskite solar cells using a) PEDOT:PSS and b) 

PhNa-1T HTL under different applied voltages. c) The equivalent circuits for 

fitting Nyquist plots. 
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Long-term stabilities of the flexible PSCs were monitored under an ambient 

condition of 25 °C and 40% relative humidity. Figure 4-11a shows PCE changes of 

the PSC devices with different HTLs as a function of the exposure time. The PCE 

of the PEDOT:PSS-based PSC rapidly decreased and approached zero after 168 h 

whereas the PhNa-1T-based PSC showed a much slower rate of decrease of the 

PCE, and in fact maintained more than 66% of its initial performance even after 

300 h of exposure. The low stability of the PEDOT:PSS-based device is closely 

related to degradation of the ITO and perovskite films by the acidic PEDOT:PSS 

[44, 46]. In contrast, the neutral PhNa-1T HTL (pH = 7.12) would be expected to 

be much more favourable for maintaining the stability of the flexible PSC device. 
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Figure 4-11. a) PCE changes of the flexible PHJ PSCs with PEDOT:PSS and 

PhNa-1T HTLs as a function of exposure time to ambient atmosphere (40% 

relative humidity at 25 ˚C). The inset shows photographs of the corresponding 

degraded PHJ PSCs. b) PCEs of the PhNa-1T-based flexible devices obtained after 

recovery from bending at various radii (r = 20–4 mm). c) PCEs of the PhNa-1T-

based flexible devices after repeated bending at r = 10 mm for up to 600 bending 

cycles. 
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The mechanical stability of the PSC device is another important issue. In order 

to assess the mechanical properties of PhNa-1T-based flexible PSCs, mechanical 

bending tests were carried out with various bending radii (r) (Figure 4-11b and 12). 

The bending axis was perpendicular to the electrodes when the mechanical stress 

was applied on the active layers. The performances of the flexible devices were 

maintained without any significant change for bending radii of down to r = 10 mm, 

but the FF and PCE values decreased when the bending radius was decreased to 

below 8 mm. Recently published report [38], organic-inorganic hybrid lead halide 

perovskite was demonstrated to display outstanding mechanical flexibility and was 

not destroyed for bending radii down to r = 1 mm. We also examined changes of 

the sheet resistance of ITO/PEN according to a bending radius and observed 

increase of its sheet resistance when the bending radius is below 8 mm (Figure 4-

12f). As a result, it is suggested that the relatively limited flexibility of our flexible 

PSCs is mainly due to cracking of the ITO, which may result in not only increased 

sheet resistance of ITO but also degradation of the other layers in the device 

through the propagation of cracks [26, 27].
 
Repeated bending tests were also 

conducted to identify the bending durability of the flexible PSCs (Figure 4-11c and 

13). The performances of the flexible devices, as determined by measuring PCE 

values, were observed to gradually decrease during the 600 bending cycles with r = 

10 mm, and this gradual decrease appears to have been mainly due to a reduction in 

FF induced by a failure of the ITO electrode (Figure 4-13f). Nevertheless, the 

PhNa-1T-based flexible device retained a relatively high solar cell performance 

after 600 bending cycles, with a PCE of 60% of the initial PCE. This result 

suggests that our flexible PSC devices using the PhNa-1T interlayer have a high 

fatigue resistance. 
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Figure 4-12. a) J–V curves of flexible PHJ PCSs with PhNa-1T HTL after recovery 

from bending at various radii (r = 20, 15, 10, 8, and 4 mm). b) Changes of PCE, c) 

VOC, d) JSC, and e) FF of the PhNa-1T-based flexible devices as a function of 

bending radii. f) Sheet resistance of ITO on PEN substrate after bending at various 

radii (r = 20, 15, 10, 8, and 4 mm). 
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Figure 4-13. a) J–V curves of flexible PHJ PCSs with PhNa-1T HTL after repeated 

bending at r = 10 mm for up to 600 bending cycles. Changes of b) PCE, c) VOC, d) 

JSC, and e) FF of the flexible devices as a function of bending cycles. f) Sheet 

resistance of ITO on the PEN substrate after repeated bending at r = 10 mm for up 

to 600 bending cycles. 
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4-4. Conclusions 

In conclusion, we have realized high-performance flexible PHJ PSCs with an 

inverted device architecture by incorporating the low-temperature solution-

processable PhNa-1T HTL. Compared with the PEDOT:PSS HTL, the introduction 

of PhNa-1T into the PSC device was demonstrated to be more effective at reducing 

any potential energy loss at the HTL/perovskite interface, forming a better contact 

between the perovskite layer and the HTL underneath, and improving the 

morphology of CH3NH3PbI3 film. These features appear to have cooperatively 

enhanced charge extraction from the perovskite absorber to the HTL and 

suppressed charge recombination in the bulk perovskite and HTL/perovskite 

interface of the PSCs. As a result, the flexible PHJ PSC using PhNa-1T achieved 

significantly better photovoltaic performances than did the PEDOT:PSS-based 

control device and yielded a PCE as high as 14.7%. More importantly, the PhNa-

1T interlayer was observed to be more effective at improving the air stability of the 

flexible PSC than was PEDOT:PSS, and the PhNa-1T-based PSC device showed a 

high resistance under repeated mechanical stress. We therefore believe that PhNa-

1T is a promising candidate as an HTL material for high-performance flexible PHJ 

PSCs and can provide a great opportunity for realizing advanced optoelectronics in, 

for example, deformable, portable, and wearable devices. 
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국문 초록 

 

고분자 나노소재 기반의  

기능성 나노구조 제작 및  

나노기술로의 응용 

 

서 명 석 

화학부 고분자화학 전공 

서울대학교 대학원 

 

고분자 나노소재로부터 제작 된 기능성 나노구조의 최적화와 소자로의 

응용은 널리 연구되고 있다. 블록공중합체와 공액 고분자전해질로부터 

제작 된 나노박막은 빌딩블록 및 중간층 역할을 하기 때문에 나노스케일 

소자 응용을 위한 물질로서 널리 연구되고 있다. 이에 더하여 자기조립

된 블록공중합체로부터 제조 된 산화 티타늄 나노구조는 독특한 광전자 

특성을 갖디 때문에 태양전지, 광촉매, 센서를 비롯한 광전자 응용에 유

용하다.  

이중블록공중합체 (이후, 블록공중합체)는 서로 다른 두 고분자가 하나

의 공유결합으로 연결되어있는 형태의 고분자로, 미세상분리에 의해 구, 

실린더, 라멜라와 같은 나노사이즈의 구조를 자발적으로 형성한다. 블록
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공중합체로부터 형성된 나노구조의 모양, 크기, 간격 등은 두 블록간의 

부피 비와 분자량을 조절함으로써 쉽게 조절할 수 있다. 블록공중합체 

나노구조는 나노구조를 에칭 마스크로 사용하여 패터닝하거나 물질 증착 

및 성장의 템플레이트로 사용하는 등의 방법으로 다른 물질의 나노구조

체를 제작하는 데에 유용하다. 이온 작용기를 가지는 사이드 체인과 공

액 구조의 주사슬로 이루어진 공액 고분자전해질은 발광다이오드, 박막 

트랜지스터, 태양전지뿐만 아니라 화학 센서등의 나노구조를 기반으로 

하는 소자에 널리 사용되고 있는 고분자 나노소재 이다. 공액 고분자전

해질은 설계 및 합성에 의해 화학 구조를 쉽게 변형할 수 있으며, 그 변

형을 통해 화학적, 전기적, 광학적 성질을 원하는 대로 조절할 수 있다. 

본 학위 논문은 블록공중합체 나노템플레이트를 이용한 수직 배향된 

산화 티타늄 나노구조 제작과 응용 및 합성한 공액 고분자전해질 (1,4-

bis(4-sulfonatobutoxy)benzene 과 thiophene moieties의 공중합체) 기반의 

고분자 박막의 응용에 대해 논하였다. 블록공중합체 나노포러스 템플레

이트의 차원과 모양을 조절하여 다양한 산화 티타늄 나노구조를 제작하

였다. 이동 가능성 특성을 지닌 환원된 그래핀 옥사이드 박막 위에 블록

공중합체 실린더 나노템플레이트로부터 제작 된 초소수성 나노로드를 제

작하여 다양한 기판에 이동 가능함을 보였다. 또한, 블록공중합체 나노

템플레이트로부터 제작 된 수직 배향 된 산화 티타늄 나노구조의 효과적
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인 빌딩블록 역할 및 anatase 결정성을 갖는 성질을 이용하여 페로브스

카이트 태양전지의 전자 수송층으로 적용하였다. 이에 더하여 PhNa-1T 

기반의 고분자 박막은 뛰어난 전하 수송 능력과 매끄러운 표면으로 인해 

전극과 페로브스카이트 층 사이에서 효과적인 역할을 하는 기능성 물질

로 사용되었다.  

제 1장에서는 나노물질의 유용성과 중요성, 그리고 블록공중합체 및 

전도성 고분자의 이론적 배경을 간략히 설명하였다. 그리고 블록공중합

체 나노구조를 이용하여 기능성 나노구조를 제조하는 방법에 대해서도 

서술하였다. 이에 더하여 계면 물질의 중요성과 공액 고분자전해질의 장

점에 대해서도 간단히 설명하였다. 또한, 고분자 나노소재인 블록공중합

체 및 공액 고분자전해질로부터 제작 된 기능성 나노구조를 초소수성 기

판 및 태양전지의 나노기술 분야에 적용을 논하였다. 

제 2장에서는 환원된 그래핀 옥사이드 박막 위에 제작 된 이동 가능

한 초소수성 산화 티타늄 나노로드에 대해 논하였다. 먼저, 초소수성 산

화 티타늄 나노로드는 블록공중합체 나노포러스 템플레이트로부터 제조

되었다. 초소수성 특성을 위해 산화 티타늄 나노구조는 블록공중합체 템

플레이트의 크기와 모양에 따라 제어되었다. 환원된 그래핀 옥사이드 박

막의 이동 가능성 때문에 산화 티타늄 나노로드는 유연 고분자 필름과 

메탈 필름 위에 이동 가능함을 보였다. 초소수성 특성의 이동 가능함을 
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이용하여 기판 본연의 특성을 변형 시키지 않고 원하는 기판에 성공적으

로 초소수성을 부여할 수 있음을 확인하였다. 

제 3장에서는 블록공중합체 나노포러스 템플레이트를 사용하여 수직 

배향된 산화 티타늄 나노구조를 기반으로 하는 페로브스카이트 태양전지 

제작에 대해 기술하였다. 블록공중합체 템플레이트의 나노포어의 차원 

및 모양에 따라 산화 티타늄 나노로드와 산화 티타늄 나노월을 합성하여 

전자 수송층으로 활용하였다. 블록공중합체로부터 제작 된 산화 티타늄 

나노로드 기반의 페로브스카이트 태양전지는 산화 티타늄 나노월 기반의 

페로브스카이트 태양전지에 비해 효과적인 전하 분리 현상으로 인한 낮

은 전하 재결합 특성을 보이는 것을 확인하였다. 산화 티타늄 나노로드 

기반의 태양전지는 15.5%의 광전변환효율을 보이며, 세부적으로 1.02 V

의 개방전압과 20.0 mA/cm2의 단락전류와 76.1%의 충전율을 보이는 것

을 확인하였다. 이를 통해 블록공중합체 템플레이트로부터 제작 된 산화 

티타늄 나노구조는 페로브스카이트 태양전지의 효율을 높이는 전자 수송

층으로 사용될 수 있음을 확인하였다.  

제 4장에서는 공액 고분자전해질 (PhNa-1T)을 기반으로 하는 새로운 

고분자 정공 수송층과 이를 유연 페로브스카이트 태양전지의 정공 수송

층으로의 응용에 대해 논하였다. 기존에 정공 수송층으로 널리 사용되고 

있는 PEDOT:PSS란 전도성 고분자와 비교하여 PhNa-1T를 페로브스카
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이트 태양전지의 정공 수송층으로 사용하였을 경우 페로브스카이트에서 

형성 된 정공을 효과적으로 전달하는 것을 확인하였다. PhNa-1T는 고분

자 물질로 저온 공정이 가능한 장점으로 유연 기판 기반의 페로브스카이

트 태양전지에 적용하여 14.7%의 높은 광전변환효율을 확인할 수 있었

다.  또한, 중성의 성질을 가지는 PhNa-1T 기반의 소자는 산성의 성질

을 지닌 PEDOT:PSS 기반의 소자 보다 상온에서 높은 안정성을 보이는 

것을 확인하였다. PhNa-1T의 고분자 정공 수송층을 사용하여 높은 효율 

및 상온에서 높은 안정성을 가지는 유연 페로브스카이트 태양전지의 제

작을 확인할 수 있었다. 

 

주요어: 블록공중합체, 블록공중합체 나노구조, 초수성 기판, 페로브스카

이트 태양전지, 공액 고분자전해질 
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