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Abstract 

 

For the higher performance of polymer solar cells (PSCs), many researchers tried to develop new 

polymers that can absorb broader range of spectrum. However, there are some limits to absorb 

broader range with single donor. Therefore, multi donor systems and energy transfer systems have 

been researched. With two different donors it is easier to enhance absorption range. As a result, multi 

donor and energy transfer was successful to increase performance. However, the existing systems are 

applying polymer-polymer systems. When two different polymers are mixed, the compatibility 

between two polymers is critical to morphology of blend film. Also, in polymer-polymer energy 

transfer, the boundary between charge transfer and energy transfer is unclear. Therefore, for the first 

time, we developed customized iridium (Ir(III)) complexes, with Ir(III) complex incorporated into the 

active materials poly(thieno[3,4-b]-thiophene/benzodithiophene) (PTB7, amorphous) or poly(3-

hexylthiophene) (P3HT, high crystalline) as energy donor additives. The Ir(III) complex with the 2-

phenyl quinolone ligand energy donor increased the power conversion efficiency of the corresponding 

devices by approximately 20%. The enhancements are attributed to the improved molecular 

compatibility and energy level between the Ir(III) complex and the active materials, long Förster 

resonance energy transfer radius, and high energy down-shift efficiency. Overall, we reveal Ir(III) 

complex additives for amorphous and highly crystalline polymer active materials; these additives 

would enable efficient energy transfer in polymer solar cells, while retaining the desirable active layer 

morphology, thereby resulting in improved light absorption and conversion. 
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I. Introduction 

1.1 Polymer solar cells (PSCs) 

1.1.1 Development of PSCs 

 

 

Figure 1.1 Structure and schematic mechanism of heterojunction and bulk-heterojunction solar cells. 

 

 The first solar cells were silicon based solar cells (Si cells) and it was invented from Bell Lab in 

1954. After some decades these Si cells are commercialized. However, due to the nature of silicon 

wafer, Si cells require high cost and its appearance is just black and non-transparent. Also, Si cells are 

rigid and not flexible. To solve these problems of Si cells, the polymer solar cells (PSCs) can be an 

answer. 

 The earlier type of PSCs is heterojunction (HJ) type. As shown in Figure 1.1, the HJ cells have two 

layers consist of donor and acceptor material. When the donor absorbs light, the electrons are excited 

and the excited electrons are transported to acceptor layer. The electrons in acceptor layer are 

collected to the electrode to generate photocurrent. However, the diffusion length of electron is not 

long enough to move through thick bilayers. The thicker layer is necessary to absorb more light, but in 

thick layered device, the electrons are not able to be converted to current. 

 To solve this problem of HJ type cells, new type of structure is developed. Bulk-heterojunction (BHJ) 
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structure has mono layer of donor-acceptor mixture (Figure 1.1). In the BHJ layer, the donor and 

acceptor materials are mixed with each other. Therefore, when electrons of donor are excited, the 

electrons can be easily transported to acceptor and can be easily collected to electrode to generate 

photocurrent. Although the donor-acceptor layer becomes thicker, the electrons can be converted to 

current in BHJ cells. After BHJ type is developed, the typical PSCs have BHJ structure. 

 

1.1.2 Structure and mechanism of PSCs 

The PSCs are the solar cells fabricated with conductive polymers and the structure of PSCs is shown 

in Figure 1.2. The PSCs are consisted of transparent conducting oxide materials as photoelectrode, 

electron transporting layer (ETL) for easier electron transport, photoactive layer to generate current, 

hole transporting layer (HTL) for easier hole transport and metal anode. As shown in Figure 1.3, the 

electron and hole, which are generated at the photoactive layer, are transported through these layers 

and finally the photocurrent is generated. When the donor material absorbs light, the electron is 

excited. The excited electron is moving through acceptor and ETL to the anode and the hole is moving 

though HTL to the cathode, then the electron of donor material can be regenerated. 

 

 

  

Figure 1.2 Structures of PSCs. 
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Figure 1.3 (a) Energy level of each layer, (b) Schematic diagram of PSCs working mechanism. 

 

 

 

Figure 1.4 A typical J-V curve of PSCs. 
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1.1.3 Characterization of PSCs 

To evaluate the performance of PSCs, J-V is utilized. To get the J-V curve, the flow of current is 

analyzed under sweeping bias from backward to forward. With J-V curve, the short-circuit current 

density (JSC), open-circuit voltage (VOC) and fill factor (FF) can be acquired. 

Here, as shown in Figure 1.4, JSC is the current density when the voltage is zero. The current density 

with zero bias is the current density of the device. The VOC is the voltage when the current is zero. The 

VOC corresponds to the amount of forward bias on the solar cell due to the bias of the solar cell 

junction with the light-generated current. Finally, the efficiency () of PSCs is calculated by the 

equation: 

𝜂 = 𝐹𝐹
𝐽𝑆𝐶𝑉𝑂𝐶

𝑃
 (1) 

 

1.2 Trends of research in PSCs 

 PSCs are flexible, lightweight, and highly customizable, but their efficiency is still lower than that of 

silicon-based cells. A broad spectral absorption range is critical for high-efficiency PSCs that consist 

of a polymer donor material and fullerene acceptor. However, single-donor materials show limited 

generation of photocurrent and a narrow absorption region across the solar spectrum. Therefore, many 

researchers have studied about strategies based on multiple donors and energy transfer systems. 

1.2.1 Single donor system 

The sing donor system is the simplest system of PSCs. In 1995, the first PSC was reported.1 They 

used MEH-PPV as a donor, C60 as an acceptor and the efficiency was 2.9%. After this paper, 

development of new donor polymer for PSCs becomes hot issue and many polymers with high 

performance have developed. After MEH-PPV, new polymer (P3HT) was reported.2 For few years, 

the P3HT was the most popular donor material for researchers. To enhance the performance of P3HT 

based device, new kind of acceptor (IC71BA) is also developed.3 As a result, 5.8% of efficiency is 

achieved with P3HT and IC71BA. 

In the solar spectrum, near-IR region is wider than short wavelength region. For higher efficiency, 

the single donor materials have been developed for broader absorption. For broader absorption, the 

polymer donors should have longer conjugation length or narrower energy band gap. In 2010, new 

polymer named PTB7 was reported. The efficiency of PTB7/PC71BM based cell was 7.4% and it was 

very successful.4 After the PTB7 was reported, for few year, the PTB7 replaced the P3HT in research 
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of PSCs. When PTB7 was reported, many researchers tried to develop a donor material beyond PTB7. 

And then, the PTB7-modified polymer named PTB7-Th was reported in 2015.5 The new polymer, 

PTB7-Th, shows over 10% of efficiency (10.6%). The PTB7-Th absorbs longer wavelength light than 

PTB7 and this is the point for higher performance. Until now, the best performance with single donor 

material is over 11%. The polymer named PffBT4T-2OD was used as donor.6 However, it is limited to 

increase conjugation length or to decrease energy band gap of polymer donor materials and because of 

these problem, multi donor system has been researched. The above donor and acceptor materials are 

shown in Figure 1.5. 

 

 

Figure 1.5 Structures of various donor and acceptor materials. 
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1.2.2 Multi donor system 

 

 

Figure 1.6 Structures of various donor materials applied in multi donor system. 

 

 For the better performance of PSCs, broader absorption is a key point. Due to the limitation of single 

donor system, the multi donor system has been researched. This system uses two different polymers 

as donor materials and these two polymers absorb different region of solar spectrum. With ternary 

systems, the absorption range increased because of compensative absorption range of multi donors. 

The first multi donor system was reported in 2010.7 Two polymers, P3HT and PCPDTBT were used 

as multi donor materials. The PCPDTBT has absorption range in long wavelength region. Therefore 

the total absorption range of blended film became broader. Also, the efficiency of device was 

enhanced. After the multi donor system was reported, many studies about multi donor system are 

reported with P3HT. However, due to the low efficiency of P3HT, those multi donor systems which 

based on P3HT shows low performances less than 5%.8 

To raise a performance of PSCs with multi donor systems, the PTB7 was applied at multi donor 

system. In 2014, a research with PTB7 and PID2 showed 8.2% of efficiency.9 Also, in 2015, with 
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PTB7 and PBDTT-SeDPP, 8.7% of efficiency was reported.10 In 2016, similar research with PTB7 

and PDTP-DFBT showed 8.6% of efficiency.11 However, due to these systems are using polymer-

polymer system, the molecular compatibility in such systems remains difficult to control, given that 

the polymers can exhibit different crystallinities and energy levels, thereby making it challenging to 

ensure efficient charge transfer. To overcome the compatibility problem, new type (non-fullerene) of 

acceptors has been researched. The above donor materials are shown in Figure 1.6. 

The above existing researches applied fullerene derivatives as acceptor materials but most of them 

absorbs short wavelength region. Unlike them, new acceptors absorb compensative region with 

polymer donors. Thus, the new acceptors can also work as a multi donor material. In the early days of 

non-fullerene acceptors, the performance was very low. However, in 2016, 8.3% of efficiency was 

reported with J51 donor and N2200 acceptor.12 The absorption range of N2200 can compensate the 

absorption range of J51. The N2200 brought an effect of multi donor system with only one donor 

material, because of wide absorption of acceptor material. Also, in 2016, 9.5% was reported with J61 

donor and ITIC acceptor.13 The absorption of ITIC can compensate the absorption range of J61 and as 

a result, high performance was achieved. The most recent and the best record is over 11% (11.2%) of 

efficiency with PBDB-T donor and ITIC acceptor.14 The new type of acceptor is simple and strong 

way to enhance performance with broadening absorption range. The above donor and acceptor 

materials are shown in Figure 1.7. 

 

Figure 1.7 Structures of donor and non-fullerene acceptor materials. 
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1.2.3 Energy transfer system 

 

 

Figure 1.8 Structures of energy donor and acceptor materials. 

 

 Single and multi-donor systems are based on charge transfer. Not only charge transfer system, the 

energy transfer can be another strategy to broaden the absorption range of PSCs. For the energy 

transfer, energy donor and energy acceptor materials are needed. Unlike multi donor system, the 

energy donor does not generate electron directly and they transfer their absorbed energy to the energy 

acceptor. During this mechanism, the energy acceptor can generate more electrons with transferred 

energy from energy donor. Actually, there are some researches of energy transfer system in PSCs. 

The first paper applied energy transfer was reported in 2013.15 The P3HT was used as an energy 

donor and SQ was used as acceptor. The absorption range of SQ is in longer wavelength region than 

P3HT. Thus, with SQ, the overall absorption increased and the performance was enhanced. The 

absorbed light energy by P3HT is transferred to SQ, and then the amount of electrons generated by 

SQ increased. By this mechanism, the efficiency was enhanced from 3.3% to 4.5%. However, due to 

low performance of P3HT, further researches about energy transfer applied PTB7 and PTB7-Th based 

PSCs. 
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In 2015, energy transfer system with PTB7-Th was reported.16 In this system, the PID2 was used for 

energy donor and PTB7-Th was used as energy acceptor. Because the energy band gap of PTB7-Th is 

narrower than PTB7, the energy transfer was dominant between PID2 and PTB7-Th. By the energy 

transfer, the total absorption of blended film was broadened. As a result, the performance was 

enhanced from 7.9% to 9.2%. Also in 2015, another energy transfer system with PTB7 was reported.17 

In this system, the PCDTBT was used for energy donor and PTB7 was used for energy acceptor. 

Similar to the previous research, the performance was enhanced (6.8% to 8.9%) with broadened 

absorption range. In these researches, the authors proved that the energy transfer is another strategy to 

enhance absorption range and performance of PSCs. The above energy donor and acceptor materials 

are shown in Figure 1.8. 

 

1.3 Energy transfer 

1.3.1 Mechanism 

Energy transfer is one of the ways to broaden the absorption range to enhance performance of PSCs. 

It is necessary to occur energy transfer, energy donor and energy acceptor. When electrons in the 

energy donor get back to ground state from its excited state, the energy is emitted. Then electrons of 

the energy acceptor can be excited by absorbing the energy from energy donor. This phenomenon is 

called energy transfer. 

 

 

Figure 1.9 Schematic mechanism of energy transfer. 
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There are two types of energy transfer, Förster type and Dexter type energy transfer. Förster energy 

transfer is singlet-singlet transfer and dipole-dipole interaction between donor and acceptor. The 

energy transfer radius is about 10 nm. Unlike Förster type, Dexter energy transfer is singlet-singlet or 

triplet-triplet electron exchange between donor and acceptor. Thus the energy transfer radius is 1 nm, 

much shorter than Förster type. 

1.3.2 Conditions for efficient energy transfer 

 

 

Figure 1.10 Ideal spectra of energy donor and energy acceptor. 

 

For efficient energy transfer, five conditions are needed to energy donor (Figure 1.9 and 1.10). The 

high quantum yield (QY) is needed to reduce energy loss occurs in energy donor. Large stokes shift is 

also needed for energy donor to prevent self-quenching occurs in energy donor. For efficient energy 

transfer, it is necessary that the large amount of spectral overlap between absorption of energy 

acceptor and emission of energy donor. At last, energy donor should have wider energy band gap than 

energy acceptor to avoid charge transfer between energy donor and acceptor. 

 

1.4 Iridium complexes 

The iridium complexes (Ir(III) complexes, Figure 1.11a) are usually applied in organic light emitting 

diodes or bio imaging because of its high QY. As shown in Figure 1.11b, unlike other light emitting 

materials, Ir(III) complexes emit phosphorescence. The phosphorescence is emitted when the electron 
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on triplet state is dropped to ground state. In case of typical fluorophores, the electron on triplet state 

is dropped to ground state by non-radiative decay. However, Ir(III) complexes can emit light from 

both singlet and triplet state and this is the reason of high QY. Also, the phosphorescence of Ir(III) 

complexes is came from metal-to-ligand charge transfer (MLCT) state (Figure 1.11b). Generally, 

phosphorescence materials show large Stokes shift. The energy band gap between MLCT to ground 

state is narrower than gap of singlet to ground state. Because of this difference in energy band gap, an 

emission wavelength shows large red shift compare to absorption wavelength and this shifting 

phenomenon is called Stokes shift. 

 

Figure 1.11 (a) Typical structures of Ir(III) complexes, (b) Energy state in Ir(III) complexes. 

 

 

Figure 1.12 Structures of ligand for red, green and blue emitting Ir(III) complexes. 
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The absorption and emission is decided by energy states in Ir(III) complexes. The energy states of 

Ir(III) complexes are decided by ligands. Therefore the optical properties of Ir(III) complexes can be 

easily controlled by its ligands. Actually, there are plenty of ligands developed for color tuning of 

Ir(III) complexes (Figure 1.12). The existing Ir(III) complexes can emit most of colors in visual light 

and further more preparing new Ir(III) complexes that have necessary emission range. In Figure 1.11a, 

the Ir(III) complexes have two main ligands and one ancillary ligand. The photophysical properties of 

Ir(III) complexes are determined by main ligands and ancillary ligand barely affect to the optical 

properties. Therefore, it is possible to functionalize the Ir(III) complexes with ancillary ligand. 

In this study, for the first time, we developed customized energy transfer materials for both 

amorphous and high crystalline polymer materials and then investigated a triplet-singlet energy 

transfer system for enhanced performance of PSCs, instead of the conventional singlet-singlet energy 

transfer system. Triplet systems have several advantages, such as a larger Stokes shift to prevent self-

quenching, a larger diffusion length, and reduced charge recombination compared to singlet systems.  

With this aim in mind, we used iridium-based energy donors customized for two representative active 

polymer materials: the amorphous PTB7, and the high-crystallinity P3HT. The Ir(III) complexes are 

used as energy donors since they exhibit a number of additional advantages, such as high QY and easy 

control of the energy levels and molecular compatibility. As a result, customizable Ir(III) complexes 

perfectly satisfy these prerequisites of an energy donor. 
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II. Result and Discussion 

2.1 Synthesis of iridium (Ir(III)) complexes 

 

 

Figure 2.1 Synthetic routes of Ir(III) complexes. 

 

The route employed to synthesize the four Ir(III) complexes used in this study is depicted in Figure 

2.1; the experimental details are given in Experimental Section (with spectra characterization of Ir-

Red). To control the absorption and emission characteristics of the Ir(III) complexes, four different 

hydrophobic primary ligands (Figure 2.2) were used: 1-phenylisoquinoline (1pq), 2-phenylquinoline 

(2pq), phenylpyridine (ppy), and difluorophenylpyridine (F2ppy). These ligands have been shown to 

be high-QY materials when incorporated with iridium.18-21 They also exhibit emissions of different 

colors, which range from blue, green, and orange to red, as the conjugation length is increased. 

Hydrophilic 3-hydroxypicolinic acid (pic-OH) was introduced as an ancillary ligand for controlling 

the molecular compatibility.22 The material (ppy)2Irpic (Ir-Green2) with picolinic acid was also used 

to study the effect of the hydroxyl group of pic-OH. We observed an improvement in the active layer 

morphology due to the amphiphilic nature of the Ir(III) complexes, using grazing incidence-wide 

angle X-ray diffraction (GI-WAXD) analysis and atomic force microscopy (AFM). This phenomenon 

is discussed further in the subsection titled Morphological study. 



14 

 

 

 

Figure 2.2 (a) Chemical structures of Ir-Red, Ir-Orange, Ir-Green, Ir-Blue, PTB7, P3HT and PC71BM. 

(b) Absorption (solid symbols; red square with line for Ir-Red, orange circle with line for Ir-Orange, 

green up-triangle with line for Ir-Green, and blue down-triangle with line for Ir-Blue) and PL (open 

symbols) spectra of the various Ir(III) complexes. 

 

2.2 Photophysical and electrochemical studies of Ir(III) complexes 

Table 2.1 and Figure 2.2b show the absorption and emission properties of the developed Ir(III) 

complexes. The absorption spectra of the Ir(III) complexes in the film state indicate a -* ligand-

centered transition at wavelengths lower than 350 nm. Ir-Blue, Ir-Green, Ir-Orange, and Ir-Red 

exhibited MLCT at 376, 400, 455, and 462 nm, and the corresponding maximum emission peaks (max) 

appeared at 471, 511, 580, and 608 nm, respectively. All the Ir(III) complexes exhibited large Stokes 

shifts at wavelengths higher than 100 nm, which prevented self-quenching.23 Figure 2.3 depicts the 

overlapping between the emission spectra of the iridium-based energy donors and the absorption 

spectrum of PTB7. The degree of spectral overlap, which is one of the most important factors for 

efficient energy transfer, follows the order Ir-Red > Ir-Orange > Ir-Green > Ir-Blue. The QY values of 

the Ir(III) complexes measured in a CH2Cl2 solution are ordered as follows: Ir-Orange (0.23) > Ir-Blue 

(0.21) > Ir-Red (0.12) > Ir-Green (0.06) (Table 2.1). The QY value also affects energy transfer, and the 

values obtained are discussed below on the basis of a device study. The energy levels of the highest 

occupied molecular orbitals (HOMO, -5.44 to -5.73 eV) and lowest unoccupied molecular orbitals 

(LUMO, -3.19 to -2.94 eV) of the Ir(III) complexes included the energy level of PTB7 (HOMO = -

5.15 eV, LUMO = -3.31 eV) and P3HT (HOMO = -5.20 eV, LUMO = -3.21 eV), as shown in Table 

2.1. These results indicate that efficient energy transfer occurred from the energy donor to the acceptor. 
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Table 2.1 Optical properties, electrochemical properties, QY values of Ir(III) complexes. 

 

 

Figure 2.3 Absorption spectra of PTB7, absorption and emission spectra of (a) Ir-Red, (b) Ir-Orange, 

(c) Ir-Green, and (d) Ir-Blue. 

 

PTB7_Ir(III) 

complexes 
UV (nm) PL (nm) HOMO (eV) LUMO (eV) Bandgap (eV) QY 

PTB7_Ref. - - -5.2 -3.3 1.9 - 

PTB7_Ir-Red 462 608 -5.4 -3.2 2.2 0.12 

PTB7_Ir-Green 400 511 -5.6 -2.9 2.7 0.06 

PTB7_Ir-Blue 376 471 -5.7 -3.0 2.7 0.21 

PTB7_Ir-Orange 455 580 -5.5 -3.2 2.3 0.23 
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2.3 Triplet-singlet energy transfer 

 

Figure 2.4 (a) PL spectra of Ir-Orange with (open black diamond with line) and without (solid orange 

square with line) PTB7, and only PTB7 (solid black diamond) in film state. The magnified spectrum 

at 700–850 nm is shown in the inset. (b) Transient PL spectra of Ir-Orange with (orange line) and 

without (black line) PTB7 in film state. 

 

To confirm the transfer of energy from the iridium-based energy donors to the acceptor, both steady-

state and transient photoluminescence (PL) spectroscopy were performed using time-correlated single 

photon counting. The PL intensity of PTB7 with 10 wt% Ir-Orange in the film state was twice that of 

intrinsic PTB7, while the emission of Ir-Orange almost disappeared when excited in the MLCT region 

(455 nm, Figure 2.4a). These results can be attributed to triplet-singlet energy transfer and not charge 

transfer. In addition, the reduction in the PL intensity of Ir-Orange was directly related to ET. By 

integrating the emission spectra of the Ir(III) complexes, their ET values were calculated to be 98%. 

The energy transfer efficiency is (1-AD-A/AD)×100(%) measured from the steady-state PL method, 

where AD-A is the total integral area of emission intensity of Ir-complex with PTB7, AD is the total 

integral area of emission intensity of Ir-complex.24 

The ET value can be determined with accuracy by measuring the exciton lifetimes of the Ir(III) 

complexes using transient PL spectroscopy with and without PTB7. The ET value was calculated 

using the following formula22: 

𝜂𝐸𝑇 = 1−
𝜏𝐴,𝐷

𝜏𝐷
 (2) 

where A, D and D are the exciton lifetimes of the energy donor Ir(III) complexes with and without the 
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energy acceptor (PTB7), respectively. The obtained results are shown in Table 2.2. The pristine 

lifetimes of the Ir(III) complexes were as follows: 859 ns for Ir-Red, 1236 ns for Ir-Orange, 1466 ns 

for Ir-Green, and 1929 ns for Ir-Blue. The longer exciton lifetimes compared to those of polymers 

helped in increasing the FRET radius, resulting in an increased ET.
17 When the Ir(III) complexes were 

used with PTB7, their exciton lifetimes excited in the MLCT region decreased dramatically: 9 ns for 

Ir-Red, 14 ns for Ir-Orange, 77 ns for Ir-Green, and 90 ns for Ir-Blue (Figure 2.4b and 2.5). These 

correspond to the ET values of 99%, 99%, 95%, and 95%, respectively. A sharp decrease in the 

lifetime of the energy donor is characteristic of energy transfer,24 and all the iridium-based energy 

donors studied here exhibited high ET values (>95%). This was in keeping with the values obtained 

using steady-state PL spectroscopy. 

 

 

Figure 2.5 Exciton lifetime of pristine Ir(III) complexes film and PTB7 blended film. Black line is 

transient PL spectra of (a) Ir-Red, (b) Ir-Orange, (c) Ir-Green, and (d) Ir-Blue and red, orange, green, 

and blue line is transient PL spectra of PTB7 blended film with (a) Ir-Red, (b) Ir-Orange, (c) Ir-Green, 

and (d) Ir-Blue, respectively. 

 



18 

 

 

Table 2.2 Exciton lifetime and calculated energy transfer efficiency of each Ir(III) complexes with 

and without PTB7 as an energy acceptor measured by transient PL. 

 Conditions Ir-Red Ir-Orange Ir-Green Ir-Blue 

Ir(III) complex only 859 ns 1236 ns 1466 ns 1929 ns 

Ir(III) complex with 

PTB7 
9 ns 14 ns 77 ns 90 ns 

ET 99% 99% 95% 95% 

 

 

2.4 Device performance 

Table 2.3 FRET radii, and device performances for the Ir(III) complexes. 

 

 

PTB7_Ir(III) 

complexes 

FRET 

radius (nm) 

JSC 

(mAcm
-2

) 
Voc (V) FF (%) 

Best 

PCE 

(%) 

Average PCE 

(%) 

PTB7_Ref. - 13.3 0.75 71.7 7.37 7.23 ± 0.14 

PTB7_Ir-Red 7.8 15.9 0.74 72.4 8.53 8.41 ± 0.12 

PTB7_Ir-Green 5.7 15.9 0.75 70.0 8.32 8.14 ± 0.18 

PTB7_Ir-Blue 6.3 15.9 0.74 72.3 8.52 8.41 ± 0.11 

PTB7_Ir-Orange 8.2 16.1 0.74 72.9 8.72 8.62 ± 0.10 

PTB7_Ir-Orange 

(inserted layer) 
- 13.3 0.75 69.9 7.23 7.03 ± 0.20 
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Figure 2.6 (a) Structure of PSC. (b) Energy diagram of PSC with Ir(III) complexes. (c) J-V curves of 

the PTB7-based PSC device with (orange circle with line) and without (black square with line) 10 wt% 

Ir-Orange under 1000 Wm-2. (d) EQE spectra of the PSC device with (orange circle with line) and 

without (black square with line) 10 wt% Ir-Orange. 

 

Inverted PSCs were fabricated with the structure of glass/indium tin oxide (ITO)/zinc oxide 

(ZnO)/active layer/molybdenum trioxide (MoO3)/Ag, as shown in Figure 2.6a and b. Table 2.3 shows 

the photovoltaic characteristics of these devices fabricated with and without the Ir(III) complexes, 

measured under AM1.5G illumination. Incorporating the four iridium-based energy donors in an 

optimized ratio of 10 wt% (see Table 2.4) in the PTB7:PC71BM film led to significant enhancements 
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in the JSC and thereby the PCE. In the device with 10 wt% Ir-Orange with respect to PTB7, JSC = 16.1 

mAcm-2, open circuit voltage (VOC) = 0.74 V, fill factor (FF) = 72.9%, and PCE = 8.72%. The JSC and 

PCE values were 21% and 18% higher than those of the reference device from the current density-

voltage (J-V) curves, respectively (Figure 2.6c and Table 2.3). The efficient energy transfer increased 

JSC, as confirmed by the external quantum efficiency (EQE) spectra (Figure 2.6d). Specifically, the 

enhanced EQE peak was observed at 400–500 nm, which is the absorption range of the Ir-Orange 

complex. This directly proves that efficient energy transfer occurred between the iridium-based 

energy donor and the energy acceptor PTB7. The EQE spectrum was also enhanced for wavelengths 

greater than 500 nm, and this might be related to the improvement in the active layer morphology, or 

reduction of charge recombination by Ir(III) complexes.25,26 These will be discussed in the next 

subsection. When other iridium-based energy donors were incorporated in the PTB7:PC71BM film, 

the PCEs of the resulting PSCs were 8.53% (Ir-Red), 8.52% (Ir-Blue), and 8.32% (Ir-Green), all of 

which still higher than that of the control device (Figure 2.7a). The corresponding EQEs matched well 

with the increase in the JSC and were higher than that for the control device (Figure 2.7b). The amount 

of increased PCE values could be arranged in the following order: Ir-Orange > Ir-Red > Ir-Blue > Ir-

Green. The fact that devices based on Ir-Orange exhibited the highest PCE can be explained by the 

ET value and the FRET radius. First, the ET value corresponding to energy transfer was the highest 

in the case of Ir-Orange (99% as calculated earlier). Second, Ir-Orange as energy donor exhibited the 

largest FRET radius R0 (8.2 nm, Table 2.3), which was calculated using the following equation27: 

𝑅0 = √
9000𝜅2𝜂𝐷 ln10

128𝜋5𝑛4𝑁𝐴
∫ 𝑓𝑑(𝜆)𝜖𝐴(𝜆)𝜆4𝑑𝜆
∞

0

6
 (3) 

where 2 is the dipole orientation factor, D is the QY value, n is the refractive index of the medium, 

NA is Avogadro’s number, fD() is the normalized energy donor emission spectrum, A() is the molar 

extinction coefficient of the energy acceptor, and the integral represents the spectral overlap. Equation 

(3) suggests that the most important factors determining the FRET radius are QY and the degree of 

spectral overlapping. From Table 2.3, the FRET radius of each of the iridium-based energy donors is 

as follows: 8.2 nm for Ir-Orange, 7.8 nm for Ir-Red, 6.3 nm for Ir-Blue, and 5.7 nm for Ir-Green. 

These values correlate very well with the observed increases in the PCE (Figure 2.8). Although the 

FRET radius of Ir-Blue was much smaller than that of Ir-Red, the PCE values of the corresponding 

devices were very similar (8.52% for Ir-Blue vs. 8.53% for Ir-Red). This was because Ir-Blue exhibits 

better molecular compatibility with PTB7, resulting in an increase in the crystallinity of the active 

film. 
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Table 2.4 Summary of device performances with 5wt%, 10wt% and 15wt% of Ir-Orange. 

PTB7_Ir(III) complexes JSC (mAcm
-2

) VOC (V) FF (%) PCE (%) 

PTB7_Ref. 13.3 0.75 71.7 7.37 

PTB7_Ir-Orange 5wt% 15.6 0.72 71.9 8.06 

PTB7_Ir-Orange 10wt% 16.1 0.74 72.9 8.72 

PTB7_Ir-Orange 15wt% 16.1 0.71 71.0 8.11 

 

 

 

Figure 2.7 (a), J-V curves of the device with 10wt% of various Ir(III) complexes under 1000Wm
-2

 

and (b), EQE data of devices with 10wt% various Ir(III) complexes 

 

We also fabricated devices with the configuration glass/ITO/ZnO/Ir-

Orange/PTB7:PC71BM/MoO3/Ag, in order to elucidate energy transfer effect in the active layer. 

Figure 2.9 and Table 2.3 show respectively the J-V curve and the corresponding device results with a 

separate Ir-Orange complex layer inserted between the ZnO and active layers. The device with the 

inserted Ir-Orange layer did not exhibit an increase in the JSC (13.3 mAcm-2 for both). Further, the VOC 

values were almost similar (0.75 V) and the FF value was slightly lower than that of the reference 

device (69.9% vs. 71.7%). These results demonstrate that there was no energy transfer in the case of 
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the inserted Ir-Orange layer, because the FRET radius (<10 nm) was much smaller than the thickness 

of the active layer (approximately 100 nm). Further, there was no charge transfer from the inserted 

layer to the active layer. In other words, effective transfer of energy only occurred in the active layer. 

 

 

Figure 2.8 Efficiency of devices with Ir(III) complexes (black line) and FRET radius (red line). 

 

 

Figure 2.9 Device performances, J-V curves of reference, with Orange inserted layer, and with 

Orange in active layer. 
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2.5 Morphological study 

 

 

Figure 2.10 2D GI-WAXD patterns of (a) PTB7, (b) PTB7:Ir-Red (10:1), (c) PTB7:Ir-Orange (10:1), 

(d) PTB7:Ir-Green (10:1), and (e) PTB7:Ir-Blue (10:1). (f) Chemical structures of the incorporated 

fluorine substituents of Ir-Blue and the thiophene spacers of PTB7. GI-WAXD line-cut profiles of (g) 

the PTB7:Ir(III) complex system, in-plane. Black square with line: PTB7. Red circle, orange up-

triangle, green down-triangle, and blue diamond with line are for Ir-Red, Ir-Orange, Ir-Green, and Ir-

Blue with PTB7 respectively. (h) PTB7:Ir(III) complex system, out-of-plane. 
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Figure 2.11 2D GI-WAXD patterns and line-cut profiles of PTB7:Ir(III) complex:PC71BM blended 

films on ZnO modified Si substrate. (a) 2D GI-WAXD patterns of PTB7:PC
71

BM (1:1.5), (b) 

PTB7:Ir-Red:PC
71

BM (1:0.1:1.5), (c) PTB7:Ir-Orange:PC
71

BM (1:0.1:1.5), (d) PTB7:Ir-

Green:PC
71

BM (1:0.1:1.5), (e) PTB7:Ir-Green2:PC
71

BM (1:0.1:1.5), (f) PTB7:Ir-Blue:PC
71

BM 

(1:0.1:1.5). GI-WAXD line-cut profiles of PTB7:Ir(III) complex:PC
71

BM system (in-plane, g) and 

PTB7:Ir(III) complex:PC
71

BM system (out-of-plane, h). (i) Structure of Ir-Green and Ir-Green2. 
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The effects of the Ir(III) complexes on the morphology of the energy transfer system layers were 

investigated using GI-WAXD and AFM. The two-dimensional (2D) GI-WAXD patterns of both the 

pristine polymer film and the films containing 10 wt% Ir(III) complexes were acquired (Figure 2.10 

and 2.11). The (100) diffraction peak at qxy 0.323±0.007 Å−1 was observed along the qxy direction (in-

plane), while a distinct diffraction peak related to - stacking was observed at qz = 1.60±0.05 Å−1 

along the qz direction (out-of-plane), clearly suggesting a preferential face-on conformation. Further, 

the Ir(III) complexes did not cause any significant changes in the nanoscale morphology of the PTB7 

films.28 

 

Table 2.5 2D GI-WAXD parameters of the PTB7:Ir(III) complex:PC71BM blended systems. 

 

 

PTB7:Ir(III) complex:PC71BM 

Ratio 

qr 

(Å-1) 

qr 

(Å-1) 

DL 

(Å) 

qz 

(Å-1) 

qz 

(Å-1) 

DL 

(Å) 

1 : 0 : 0 0.346 0.128 46.1 ― ― ― 

1 : Ir-Red  10wt% : 0 0.342 0.119 49.6 ― ― ― 

1 : Ir-Orange 10wt% : 0 0.343 0.110 53.6 ― ― ― 

1 : Ir-Green 10wt% : 0 0.344 0.122 48.4 ― ― ― 

1 : Ir-Blue 10wt% : 0 0.345 0.114 51.8 ― ― ― 

1 : 0 : 1.5 0.356 0.095 62.2 1.37 0.35 16.7 

1 : Ir-Red 10wt% : 1.5 0.353 0.089 66.4 1.37 0.34 17.1 

1 : Ir-Orange 10wt% : 1.5 0.351 0.089 66.4 1.36 0.32 18.3 

1 : Ir-Green 10wt% : 1.5 0.355 0.097 60.9 1.35 0.30 19.5 

1 : Ir-Blue 10wt% : 1.5 0.352 0.088 67.1 1.38 0.31 18.8 
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When the complexes were incorporated into the PTB7:PC71BM blended films (PTB7:10 wt% Ir-

Red:PC71BM, PTB7:10 wt% Ir-Orange:PC71BM, PTB7:10 wt% Ir-Green:PC71BM, and PTB7:10 wt% 

Ir-Blue:PC71BM), they had little effect on the crystal structure of PTB7. The full width at half 

maximum (FWHM) of the scattering peak, qr, can be correlated to the nanocrystallite size via the 

Scherrer equation.28-30 The q values of the peaks of the active layers with the Ir(III) complexes 

indicate that the incorporation of the Ir(III) complexes into the PTB7:PC71BM blended films resulted 

in the formation of nanocrystallites (size = DL) larger than those of the pristine PTB7:PCBM blended 

film (Table 2.5).9,31 In the case of Ir-Orange, DL of (100) increased from 46.1 Å  (PTB7 film) to 51.8 Å  

(PTB7:Ir-Orange film). It is intriguing that, when PTB7 and the Ir(III) complexes were blended 

together, the amphiphilic nature of the complexes enhanced the crystallinities of PTB7 and PC71BM, 

as evidenced by the changes in the GI-WAXD peaks of the periodic layers of PTB7 and Ir(III) 

complexes and their corresponding FWHMs (Figure 2.11 and Table 2.5). For example, in the case of 

Ir-Blue, the DL of the qr vector was enhanced from 62.2 Å  to 67.1 Å , while the DL of the - stacking 

was enhanced from 16.7 Å  to 18.8 Å . Ir-Green exhibited the biggest increase in the DL of qz, from 

16.7 Å  to 19.5 Å , corresponding to about 5 layers of - stacking. The enhanced molecular 

compatibility was related to the 3-hydroxypicolinic acid unit of the Ir(III) complexes. By comparing 

the GI-WAXD peaks of Ir-Green with those of (ppy)2Irpic (Ir-Green2, no hydroxyl unit) in 

PTB7:PC71BM blended films, Ir-Green2 clearly had an adverse effect on the morphologies of 

PTB7:PC71BM, resulting in weaker GI-WAXD peaks (Figure 2.11). This effect was also confirmed by 

AFM experiments, showing higher root-mean-square value of Ir-Green2 than that of Ir-Green (see 

Figure 2.12). 

 

 

Figure 2.12 (a) 2D AFM image of PTB7:PC71BM blended film, (b) 2D AFM image of PTB7:PC71BM 

blended film with Ir-Green, (c) 2D AFM image of PTB7:PC71BM blended film with Ir-Green2. 
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2.6 Compatibility studies of Ir(III) complexes in high-crystallinity polymer 

P3HT 

 

Figure 2.13 Overlap between emission of Ir(III) complexes and absorption of P3HT. 

 

 

 

Table 2.6 Optical properties, electrochemical properties, QY values, FRET radii, and device 

performances for the Ir(III) complexes. 

P3HT_Ir(III) 

complexes 
JSC (mAcm

-2
) Voc (V) FF (%) 

Best PCE 

(%) 

Average PCE 

(%) 

P3HT_Ref. 10.3 0.57  51.7 3.02 2.96 ± 0.06 

P3HT_Ir-Orange 11.0 0.57  51.6 3.23 3.08 ± 0.15 

P3HT_Ir-Blue 11.5  0.58  55.9 3.63 3.52 ± 0.11 
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We also fabricated devices with the Ir(III) complexes as the energy donor, the high-crystallinity 

polymer P3HT as the energy acceptor and charge donor, and PC61BM as the charge acceptor. The 

complexes Ir-Blue and Ir-Orange, which have relatively higher FRET radii (Figure 2.13), were 

selected in order to determine a suitable energy donor for P3HT. The JSC of the P3HT devices based 

on Ir-Blue and Ir-Orange increased from 10.3 to 11.5 and 11.0 mAcm-2 respectively, compared to the 

reference device. They correspond to PCE values of 3.63% for P3HT with Ir-Blue and 3.23% for 

P3HT with Ir-Orange (Figure 2.14 and Table 2.6). The PCE increased by more than 20% in the case 

of Ir-Blue, compared to that of the device without an energy donor (PCE 3.02%). This was because Ir-

Blue has the largest FRET radius with respect to P3HT, and it also helps in maintaining the 

crystallinity of P3HT; the latter is supported by the GI-WAXD data (Figure 2.15). To demonstrate the 

energy transfer from Ir(III) complexes to P3HT, we measured the enhancement of JSC of P3HT 

cooperated with Ir-Orange using a 463 nm laser (with a power of 200 Wm-2), as this wavelength falls 

in the MLCT region of Ir-Orange. The JSC of Ir-Orange increased from 5.89 to 6.29 mAcm-2, which is 

strong evidence for the energy transfer between Ir-Orange and P3HT (Table 2.7). 

 

Figure 2.14 Device performance, J-V curves of P3HT reference, Ir-Orange in active layer and Ir-Blue 

in active layer 
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Figure 2.15 (a) 2D GI-WAXD patterns of P3HT, (b) P3HT:Ir-Orange (10:0.05), (c) P3HT:Ir-Blue 

(10:0.05), (d) P3HT:PC
61

BM (10:8), (e) P3HT:Ir-Orange:PC
61

BM (10:0.05:8), (f) P3HT:Ir-

Blue:PC
61

BM (10:0.05:8). GI-WAXD line-cut profiles of P3HT:Ir(III) complexes system (in-plane, g), 

P3HT:Ir(III) complexes system (out-of-plane, h), P3HT:Ir(III) complexes:PC
61

BM system (in-plane, 

i), and P3HT:Ir(III) complexes:PC
61

BM system (out-of-plane, j). 
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Table 2.7 Summary of device performances with Orange under 463nm and 200Wm
-2

. 

P3HT_Ir(III) 

complexes 
JSC (mAcm

-2
) VOC (V) FF (%) PCE (%) 

P3HT_Ref. 5.89  0.58  50.2 8.53  

P3HT_Ir-Orange 

0.5wt% 
6.29  0.58  50.4  9.22  

 

2.7 Conclusion 

We have successfully demonstrated that the PCEs of PSCs can be increased through energy transfer, 

by using Ir(III) complexes customized for both amorphous PTB7 and high-crystallinity P3HT active 

materials. In the case of the PTB7-based devices, PCE could be increased by 18% compared to that of 

the reference cell when Ir-Orange was used as the energy donor, owing to the dramatic increase (21%) 

in the JSC by the broadened absorption range of the active layer. To date, the biggest challenge with 

regard to multicomponent blended PSC system is the optimization of the film morphology. Ir(III) 

complexes are ideal materials to achieve this goal as they do not affect the morphology of the active 

layer, because their amphiphilic structure allows them to perform the role of a surfactant at the 

donor/acceptor interface. As a result, the synthesized Ir(III) complexes are suitable for polymer based 

PSCs using either the amorphous PTB7 or the high-crystallinity P3HT active materials. In summary, 

molecular engineered Ir(III) complexes are successfully used as highly customized energy donors for 

various energy acceptors to improve the performance of PSCs, owing to their tunable energy band 

gaps and amphiphilic property. This work opens up new design directions for energy transfer systems 

based on customized energy donor materials to produce high-performance PSCs. 
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III. Experimental Method and Materials 

3.1 Synthesis of Ir(III) complexes 

Bis[1-phenylisoquinoline-C2,N](3-hydroxypicolinato)iridium(III) 

The mixture of IrCl3·nH2O (200 mg, 0.67 mmol) and 1-phenylisoquinoline (412 mg, 2.00 mmol) 

was refluxed for 24 h in a 3:1 (v/v) mixture of 2-methoxyethanol and water as solvent. After refluxing 

the mixture was cooled down to room temperature and more water was added to precipitate the 

product. The precipitate was filtered through a Büchner funnel and washed with hexane three times to 

obtain the product (355 mg, 83 % yield).32 A mixture of synthesized product (300 mg, 0.24 mmol), 3-

hydroxypicolinic acid (100 mg, 0.72 mmol) and Na2CO3 (254 mg, 2.40 mmol) was refluxed for 

10−12 h in inert condition in 2-ethoxyethanol as a solvent. After refluxing, the mixture was cooled 

down to room temperature and the solvent was evaporated. The mixture is dissolved in methylene 

chloride and then washed with water and dried over MgSO4. The solvent was evaporated to obtain the 

crude product, which was purified by column chromatography on silica gel to afford the final product 

(238 mg, 367% yield).33 The characterization data of this product is provided in Figure 3.1, 3.2 and 

3.3. Other Ir(III) complexes (2pq)2Irpic-OH (Orange), (ppy)2Irpic-OH (Green), and FIrpic-OH (Blue) 

were synthesized with similar procedure. 

FT-IR (KBr, cm-1): 3440 (w, -OH), 1635 (s, C=O), 1598 (m), 1462 (m), 1380 (w), 1313 (m). 

1H NMR (400 MHz, CDCl3):  13.836 (s, 1H), 8.961 (m, 2H), 8.658 (d, J=6.4 Hz, 1H), 8.257 (d, 

J=7.6 Hz, 1H), 8.194 (d, J=7.6 Hz, 1H), 7.937 (m, 1H), 7.880 (m, 1H), 7.734 (m, 4H), 7.517 (d, J=6.8 

Hz, 1H), 7.450 ( d, J=6.4 Hz, 1H), 7.367 (m, 1H), 7.320 (d, J=6.4 Hz, 1H), 7.156 (m, 1H), 7.097 (m, 

1H), 7.007 (m, 1H), 6.942 (m, 1H), 6.774 (m, 1H), 6.715 (m, 1H), 6.491 (d, J=6.8 Hz, 1H), 6.222 (d, 

J=6.8 Hz, 1H). 

13C NMR (100 MHz, CDCl3):  177.50, 170.17, 168.23, 160.53, 151.77, 150.40, 146.00, 145.76, 

140.71, 140.22, 139.72, 137.06, 137.00, 134.85, 133.05, 131.11, 131.01, 130.16, 130.06, 129.96, 

129.61, 128.11, 128.02, 127.56, 127.36, 127.07, 126.47, 126.42, 126.31, 126.17, 121.45, 120.83, 

120.81, 120.70. 

Exact mass: 739.1447, found mass: 739.1450. 
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Figure 3.1 IR spectrum of (1pq)2Irpic-OH (Ir-Red) in KBr pellet. 

 

Figure 3.2 1H NMR of (1pq)2Irpic-OH (Ir-Red) in CDCl3. 
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Figure 3.3 13C NMR of (1pq)2Irpic-OH (Ir-Red) in CDCl3. 

(2pq)2Irpic-OH (Ir-Orange) 

FT-IR (KBr, cm-1): 3441 (w, -OH), 1636 (s, C=O), 1601 (s), 1461 (s), 1330 (m). 

1H NMR (400 MHz, CDCl3):  13.415 (s, 1H), 8.646 (d, J=8.8 Hz, 1H), 8.210 (d, J=16.8 Hz, 1H), 

8.189 (d, J=16.8 Hz, 1H), 8.107 (m, 2H), 7.951 (dd, J=8 Hz, 1H), 7.835 (dd, J=8 Hz, 1H), 7.741 (m, 

2H), 7.554 (m, 1H), 7.475 (m, 2H), 7.358 (m, 2H), 7.12 (m, 2H), 7.099 (m, 1H), 6.987 (m, 1H), 6.953 

(m, 1H), 6.862 (m, 1H), 6.775 (m, 1H), 6.666 (m, 1H), 6.286 (dd, J=6.8 Hz, 1H). 

13C NMR (100 MHz, CDCl3):  176.26, 170.87, 169.11, 159.63, 149.46, 149.17, 148.40, 147.78, 

146.72, 145.71, 138.82, 138.65, 137.10, 136.10, 135.78, 134.79, 131.81, 129.94, 129.83, 129.63, 

128.81, 128.74, 127.89, 127.80, 127.34, 127.08, 126.74, 126.17, 126.10, 126.03, 125.75, 125.04, 

122.18, 121.28, 117.18, 116.43. 

Exact mass: 739.1447, found mass: 739.1450. 

 

(ppy)2Irpic-OH (Ir-Green) 

FT-IR (KBr, cm-1): 3423 (w, -OH), 1632 (s, C=O), 1601 (m), 1471 (s), 1315 (m), 1256 (m), 1249 (m) 

1H NMR (400 MHz, CDCl3):  13.812. (s,1H), 8.717 (m, 1H), 7.894 (d, J=17.2 Hz, 1H), 7.874 (d, 
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J=16.8 Hz, 1H), 7.747 (m, 2H), 7.605 (m, 2H), 7.520 (m, 1H), 7.381 (m,1 H), 7.253 (m, 1H), 7.184 

(m, 2H), 6.987 (m, 1H), 6.941 (m, 1H), 6.889 (m, 1H), 6.807 (m, 1H), 6.770 (m, 1H), 6.374 (dd, 

J=7.6 Hz, 1H), 6.200 (dd, J=7.6 Hz, 1H). 

13C NMR (100 MHz, CDCl3):  177.53, 169.14, 167.51, 160.56, 148.81, 148.57, 148.10, 145.94, 

144.17, 143.88, 139.70, 137.33, 137.18, 134.84, 132.53, 132.40, 129.95, 129.67, 129.57, 126.44, 

124.28, 124.13, 122.29, 122.14, 121.77, 121.17, 119.03, 118.53. 

Exact mass: 639.1134, found mass: 639.1136. 

(F2ppy)Irpic-OH (Ir-Blue) 

FT-IR (KBr, cm-1): 3432 (w, -OH), 1639 (m, C=O), 1601 (s), 1477 (m), 1404 (m), 1313 (m), 1249 (m). 

1H NMR (400 MHz, CDCl3):  13.569 (s, 1H), 8.674 (m, 1H), 8.314 (m, 1H), 8.257 (d, J=8.4 Hz, 1H), 

7.821 (m, 2H), 7.480 (m, 1H), 7.446 (m, 1H), 7.263 (m, 2H), 7.243 (m, 1H), 7.047 (m, 1H), 6.505 (m, 

1H), 6.440 (m, 1H), 5.793 (m, 1H), 5.586 (m, 1H). 

13C NMR (100 MHz, CDCl3):  177.42, 160.68, 148.54, 148.00, 139.56, 138.42, 138.31, 134.30, 

129.97, 127.26, 123.42, 123.23, 122.91, 122.72, 122.61, 122.47, 114.60, 114.57, 114.42, 114.39, 

98.61, 98.34, 98.12, 97.85, 97.59. 

Exact mass: 711.0757, found mass: 711.0755. 

3.2 Fabrication of inverted PSCs 

3.2.1 Device with PTB7 

The ITO-coated glass substrate was cleaned using a substrate-cleaning disinfectant by 

ultrasonication in deionized (DI) water, acetone, and isopropyl alcohol, respectively, on a heating 

hotplate, and finally treated in a UV-ozone chamber for 20 min. 

To obtain an amorphous-ZnO layer for use in the spin-coating method, 1.64 g of zinc acetate 

(Aldrich) was first dissolved in 10 g of 2-methoxyethanol, to which 0.5 g of ethanol amines was 

added to confirm complete dissolution of the zinc acetate. Then, 8 mg of PTB7, 12 mg of PC71BM (1-

Material Chemscitech) and 0.8 mg of synthesized Ir(III) complex compound were dissolved in 0.97 

ml of chlorobenzene to perform as an electron donor (PTB7) and electron acceptor (PC71BM) material. 

This bulk-heterojunction material was mixed with 0.03 ml of 1,8-diiodooctane (Sigma Aldrich) and 

stirred for 12 h at 60°C in a nitrogen glove box. The active solutions were filtered using a 0.2 m 

polytetrafluoroethylene syringe filter. To create the cathodes for the Inverted PSCs, an ITO-coated 

glass substrate was cleaned with oxygen plasma, and then spin-coated with a liquid ZnO sol-gel for 30 
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s at a speed of 3000 rpm. The ZnO layer formed on the glass substrate was annealed for 10 min at 

200°C in air. Next, to create the active layer, the bulk-heterojunction material was spin-coated on top 

of the ZnO layer at the spin speed of 1200 rpm for 60 s. The device fabrication was completed by 

thermal evaporation of 4 nm MoO3 and 70 nm Ag using a shadow mask as the anode under vacuum at 

a base pressure of 3 × 10-6 Torr. The anode area in the final device was 0.138 cm2. 

3.2.2 Device with P3HT 

To obtain active layer for use in the spin-coating method, 25.8 mg of P3HT, 20.5 mg of PC61BM (1-

Material Chemscitech) and 0.13 mg of synthesized Ir(III) complex compound were dissolved in 1 ml 

dichlorobenzene to perform as an electron donor (P3HT) and electron acceptor (PC61BM) material. 

This bulk-heterojunction material was mixed and stirred for 12 h at 60°C in a nitrogen glove box. The 

active solutions were filtered using a 0.2 m polytetrafluoroethylene syringe filter. To create the 

cathodes for the Inverted PSCs, an ITO-coated glass substrate was cleaned with oxygen plasma, and 

then spin-coated with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) for 45 s 

at a speed of 4000 rpm. The PEDOT:PSS layer formed on the ITO-coated glass substrate was 

annealed for 10 min at 140°C in air. Next, to make an active layer, the bulk-heterojunction material 

was spin-coated on top of ZnO layer at the spin speed of 600 rpm for 60 s. The device fabrication was 

completed by thermal evaporation of 100 nm Al using a shadow mask as the anode under vacuum at a 

base pressure of 3 × 10-6 Torr. The anode area in the final device was 0.138 cm2. 

The device was measured in a glovebox with nitrogen atmosphere by recording the J–V curves with 

a Keithley 2635 A under simulated AM1.5G radiation (1000 Wm-2) using a xenon arc lamp. 

3.3 Morphological study 

Atomic force microscopy (AFM) images were obtained using a Veeco microscope in tapping mode 

over a 1 mm2 scan area. 2D GI-WAXD measurements were carried out at PLS-II 6D UNIST-PAL 

beamline of Pohang Accelerator Laboratory in Korea. The X-rays coming from the bending magnet 

are monochromated ( = 1.06 Å ) using a double crystal monochromator (DCM) and are focused using 

a sagittal focusing DCM and bendable toroidal mirror system (beam size: 150 (H) x 120 (V) m2 in 

FWHM @ sample position). 2D GI-WAXD measurement system is equipped with a 6-axis motorized 

sample stage inside a vacuum chamber (~2 × 10-2 Torr), thus the fine alignment of a thin film sample 

and effective removing of unwanted air and window scattering is possible. 2D GI-WAXD patterns 

were recorded with a 2D CCD detector (Rayonix MX225-HS, USA) and diffraction angles were 

calibrated by a pre-calibrated sucrose (Monoclinic, P21, a = 10.8631 Å , b = 8.7044 Å , c = 7.7624 Å ,  

= 102.938°). 
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