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Abstract 

  The development of non-fullerene acceptors (NFAs) promoted the progress of bulk 

heterojunction (BHJ) organic solar cells (OSCs) with remarkable power conversion 

efficiencies (PCEs) over 18%, push the OSCs field to a new phase. This thesis focuses 

on the emerging “Y-series” NFAs, presents the optical and electrical characterization 

of these high-performance OSCs materials and correlated the fundamental solid state 

properties with their molecule structure and OSCs performance.  

  We first focus two A-DA’D-A type “Y” acceptors incorporating the same backbone 

skeleton and end groups but without (Y3) or with (Y18) alkyl side chains, and examine 

the alkyl side chains effects on their charge transport properties and device performance. 

We probe investigation into the fundamental interplay between their chemical 

structures and opto-electronic properties including the (i) charge transport, (ii) heat 

transfer, and (iii) electronic disorder. We found that the BHJ with Y18 possesses more 

efficient phonon transfer and charge transport as well as suppressed electronic disorder. 

Among these properties, the extremely low Urbach energy (EU) of 23 meV in Y18 

stands out because it is even under the thermal energy (~26 meV) which sets the 

electronic disorder limit at room temperature. With all the contrasting results, a simple 

molecular model has rationalized in which the extra alkyl chains in Y18 help suppress 

the formation of rotamers, endowing it with a disorder-free molecular conformation 

and remarkable solid state properties. 

  With the knowledge of the conformational effects of the molecules on the thermal 

properties, we further focused on the heat energy transfer of the organic materials 

relevant to organic semiconductor applications. Here, we probe heat diffusion 

properties of Y-series non-fullerene acceptors processing different DA’D framework, 
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named BZ4F-5, BZ4F-6, and BZ4F-7, we found that backbone rings extension from 

five- to six- and seven-membered-fused rings trigger longer phonon mean free path and 

higher thermal diffusivities (D) in their pristine solid films and bulk heterojunction 

blends. Particularly, the correlation between the thermal transport properties in Y-series 

acceptors and their backbone geometry, molecule stacking, and thin-film crystallinity 

is demonstrated. More importantly, both organic thin-film transistors (OTFTs) and 

OSCs confirm that thermal durability of organic semiconductor devices correlated with 

the thermal properties of their active layer. Although BZ5F-6 and BZ4F-7 based 

devices possess similar device performance at room temperature, superior heat 

dissipation in BZ4F-7 molecule endows it with enhanced device lifetime.  

  

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 

  The content of this thesis is a culmination of cooperative efforts, it would not have 

been finished without the supports of the following people, who stood with me on this 

long journey.  

Thank you all: 

  To my supervisor Prof. So Shu Kong, without your guidance as well as all the 

opportunities you afforded me, I wouldn’t have accomplished half as much as I did. 

You truly are an admirable source of inspiration, your enthusiasm for science and the 

breadth and depth of knowledge I have learned from you always guided me and attract 

me to emulate in my future career. For this thesis and the last three years, you have 

nothing but my gratitude.  

   Special thanks to Prof. Yingping Zou and Dr. Jun Yuan in Central South University, 

whose generous supports of chemicals and insightful comments have led to exciting 

research directions and improved the quality of my research work. I also acknowledge 

my other collaborators: Prof. H. Zhong in Central South University for TEM 

measurements, Prof. S.Z. Huang and Prof. X.Y. Gao in Shanghai institute of Applied 

physics and Prof. X.H. Lu and Dr. Y.Q. Xiao in The Chinese University of Hong Kong 

for GIWAXS measurements and results analysis.  

   Thanks to many SKSO lab members for your supports, including Mr. K.H Chan, Dr. 

H. Yin, Dr. K.W. Ho, Mr. S.H. Cheung, Mr. K.L. Chiu, Ms. K.L. Wong, Ms. Z. Zhang, 

Ms. Y. Gao and Mr. K.K Tsung. Distinct acknowledgment should be given to Dr. H. 

Yin for valuable guidance on paper writing, Dr. K.W. Ho for his professional 

Mathematical and Modelling skills, Mr. S.H. Cheung and Mr. K.L. Chiu for patient 

teaching of experiment skills.  



v 
 

   And finally, I would like to express my deepest gratefulness to my whole family. To 

my mom Weihong Li and dad Jianjun Zhang. You sent me out into the world and 

encourage me to explore, only your unconditional love and continuous encouragement 

throughout my life has brought me to this point. I do not know how to thank you enough. 

To my grandmother and grandfather, who granted me strength and determination from 

heaven. The last word of acknowledgment is saved for my wife Xuemeng Yang, for 

sharing this journey with me and cheering from the sideline, for always having me back. 

 

                                                                                                                         CJ  

                                                                                                                 August 2021 

                                                                                                   

                                                                                                                  

  

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

DECLARATION........................................................................................................... i 

Abstract…………. ........................................................................................................ ii 

Acknowledgements ..................................................................................................... iv 

Table of Contents ........................................................................................................ vi 

List of Tables ................................................................................................................ x 

List of Figures ............................................................................................................. xii 

List of Symbols ....................................................................................................... xxiii 

List of Abbreviations ............................................................................................... xxv 

Chapter 1……………………………………………………………………………...1 

Introduction .................................................................................................................. 1 

Chapter 2    Basic Principles and Theories .............................................................. 17 

2.1          Introduction to Organic Semiconductors ............................................. 17 

2.2          Charge Transport Mechanism and Characterization ......................... 20 

2.2.1        Hopping Transport ................................................................................ 20 

2.2.2        Gaussian disorder model (GDM) ......................................................... 22 

2.2.3        Space-charge-limited Current (SCLC) ................................................. 25 

2.2.4        Admittance Spectroscopy (AS) ............................................................ 27 

2.3           Bulk Heterojunction Organic Photovoltaic (OPV) Cells .................... 30 

2.3.1        Mechanism and Working Principles..................................................... 30 



vii 
 

2.3.2        Current Density-Voltage (J-V) Characteristics ........................................... 33 

2.3            Thin Film Characterization ................................................................. 35 

2.3.1        Photothermal Deflection Spectroscopy (PDS) ............................................ 35 

2.3.2        Scanning Photothermal Deflection Spectroscopy (SPD) ......................... 38 

2.3.3        Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) ............... 42 

Chapter 3    Experimental Details ............................................................................ 50 

3.1            Sample Fabrication ............................................................................... 50 

3.1.1        Substrate Patterning and Treatment ...................................................... 50 

3.1.2        Deposition Methods .............................................................................. 52 

3.1.2.1        Spin-Coating .................................................................................. 52 

3.1.2.2        Thermal evaporation ...................................................................... 54 

3.2            Device Measurements ........................................................................... 57 

3.2.1        Organic Photovoltaic (OPV) Device Measurements ............................ 57 

3.2.2        Charge Carrier Transport Measurements ............................................. 59 

3.2.2.1        Space-charge-limited Current (SCLC) Measurement .................... 59 

3.2.2.2        Admittance Spectroscopy (AS) Measurement ............................... 60 

3.3            Thin Film Characterization ................................................................. 63 

3.3.1        Photothermal Deflection Spectroscopy (PDS) ..................................... 63 

3.3.2        Scanning Photothermal Deflection Spectroscopy (SPD) ..................... 66 

3.3.3        Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) ............ 69 

Chapter 4   A Disorder-free conformation boosts phonon and charge transfer in 

Electron-Deficient-Core-Based non-fullerene acceptor..................... 72 

4.1            Introduction ........................................................................................... 72 



viii 
 

4.2           Experimental Details .............................................................................. 75 

4.3           Results and Discussions ......................................................................... 79 

4.3.1           Photovoltaic Performance of PM6:Y3 and PM6:Y18 BHJ OSCs .... 79 

4.3.2           Charge Carrier Transport of PM6:Y3 and PM6:Y18 BHJ film ........ 81 

4.3.3           Scanning Photothermal Deflection Spectroscopy for Heat Transfer in 

BHJ films ........................................................................................... 88 

4.3.4           Photothermal Deflection Spectroscopy for tail state absorption ....... 93 

4.3.5           Morphologies for BHJ films .............................................................. 98 

4.3.6           Molecular Model for Y3 and Y18 small molecule acceptor ........... 102 

4.4              Summary ............................................................................................ 105 

Chapter 5    Correlating the molecular structure of A-DA’D-A type non-fullerene 

acceptors to its heat transfer and charge transport properties in 

organic solar cells ................................................................................ 110 

5.1            Introduction ......................................................................................... 110 

5.2             Experimental Details .......................................................................... 113 

5.3             Results and Discussions ..................................................................... 118 

5.3.1           Optical Properties and Photovoltaic Performance ........................... 118 

5.3.2             Electronic disorder characterization and analysis ......................... 122 

5.3.3             Effect of Backbone Framework on Thermal transfer properties ... 130 

5.3.4             Morphological characterization and analysis ................................ 138 

5.3.5             Thermal Stability Analysis of Organic Semiconductor Devices ... 146 

5.4              Summary ............................................................................................ 151 

5.5             Appendix: Beam size effects in SPD measurement ......................... 153 



ix 
 

Chapter 6         Conclusion and Outlook ................................................................ 160 

CURRICULUM VITAE .......................................................................................... 168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

List of Tables 

Table 3.1 ITO substrates for the different experiments. The blue region represents the 

ITO-covered region and the grey area is the glass area. The dimension, the 

sheet resistance, and the transmittance of the ITO substrate are shown in the 

drawings.  

Table 3.2 Quartz substrate for PDS and SPD experiments. The dimension and the 

model of the quartz are given in the table.  

Table 3.3 Different evaporation containers and their corresponding models for different 

materials.  

Table 4.1 Device parameters of PM6:Y3 and PM6:Y18 BHJ OSC. 

Table 4.2 Transport parameters, β (PF slope) and µ0,e extracted from AS measurement, 

µ sat from OTFT technique of PM6 based BHJs with different acceptors. 

Table 4.3 Summary of the values of the Urbach energy for different types of solution 

processed organic BHJ blends. 

Table 5.1 Photovoltaic performance of the OSCs based on BZ4F-5, BZ4F-6, and 

BZ4F-7 (the average values for 15 devices in the brackets), under the 

illumination of AM1.5G, 100mWcm-2. 

Table 5.2 Electron mobilities (µe), energetic disorders (σ), Urbach energies (EU), 

bandgap (Eg) of BZ4F-5, BZ4F-6, and BZ4F-7 based neat film and their 

BHJ films blending with PM6 donor polymer. 

Table 5.3 Thermal diffusivites (D) and phonon mean free path (𝑙) of BZ4F-5, BZ4F-6, 

BZ4F-7, N2200, ITM, and PCBM based neat film and their BHJ films 



xi 
 

blending with the different donor polymer. 

Table 3.1 Different ITO substrates for the different experiments. The blue region 

represents the ITO-covered region and the grey area is the glass area. Some 

detailed information such as the dimension, the sheet resistance, and the 

transmittance are given in the table.  

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Figures 

Figure 1.1 Example of novel applications of organic semiconductors in different fields. 

Images are adopted from infinitypv.com/ merinolatin.com/ www-

lpl.univparis13.fr/Ref. [9-10]. 

Figure 1.2 A summary of certified record PCE of organic photovoltaics. This figure is 

reported by the National Renewable Energy Laboratory (NREL), USA.    

Figure 1.3 (a) The important milestones in the development of organic semiconductor 

materials for BHJ OSCs application. (b) A progress of certified PCE for 

fullerene and non-fullerene based BHJ OSCs from 2009 to 2021. The figure 

was adapted from Ref. [24]. 

Figure 1.4 (a) Solar spectral irradiance under AM 1.5G conditions. (b) Solar irradiation 

spectrum and normalized absorption spectra of pristine fullerene acceptor 

(PCBM) and non-fullerene acceptors (ITIC, IEICO, PDI2, and IEICO-4F) 

thin films. The figure was adapted from Ref. [26].   

Figure 1.5 (a) Diagram on the energy level alignment of Channel I and Channel II 

excitation of the electron acceptor. (b) Comparison of functional groups in 

the representative fullerene acceptor (PCBM) and non-fullerene small 

molecule acceptor (ITIC). The figure was adapted from Ref. [27]. 

Figure 2.1 Schematic diagram of the s and p orbitals and illustration of three type 

hybrid orbitals: sp, sp2, and sp3 of carbon. 



xiii 
 

Figure 2.2 A schematic illustration of the formation of energy diagram by σ and π 

bonding and antibonding orbitals between the carbon atoms. 

Figure 2.3 (a) Schematic view of electron relaxation and hopping transport after optical 

excitation. The transport sites in LUMO orbital are Gaussian distributed 

localized states with disorder parameter of σe. A similar diagram could be 

constructed for hole in the HOMO (not shown here). 

Figure 2.4 (a) J-V curves for extracting 𝜇0,𝑒  of PM6: Y18 BHJ at the different 

temperatures. (b) Plot of 𝜇0,𝑒 vs 1/T for a PM6:Y18 BHJ film. 𝜇∞ and 𝜎 

can be extracted from the linear fitting of the experiment data. The 

extracted 𝜎 and 𝜇∞ are 53meV and 1.9×10-3 cm2V-1s-1, respectively. 

Figure 2.5 (a) Typical frequency-dependent capacitance curve of an PM6:Y18 BHJ 

from AS measurement. (b) The negative differental susceptance −∆B= 

2πf (C-Cgeo). From τdc, the electron mobility 𝜇𝑑𝑐 =
𝑑2

𝜇𝑑𝑐𝑉𝑑𝑐
=  4.2×10-4 

cm2V-1s-1 for this BHJ.  

Figure 2.6  Illustration of the architecture of the BHJ solar cell. 

Figure 2.7  The basic operating mechanism of a BHJ device.  

Figure 2.8 (a) Typical J-V curve of an PM6:Y18 BHJ device. Open-circuit voltage, 

short-circuit current, and maximum output point are marked on the J-V 

curve. This device has a Voc=0.82V, Jsc= 25.8mA/cm2, Vmax=0.67V, Jmax= 

22.7mA/cm2. The FF and PCE are 72.3% and 15.3%, respectively. 

Figure 2.9  Schematic diagram of PDS working principle. 



xiv 
 

Figure 2.10 Plot of ln(α) versus photon energy for Urbach energy determination. The 

sample is PM6:Y18 thin film (with the D:A =1:1.2) spin-coated on a 

quartz substrate. The extracted EU is 22.4meV.   

Figure 2.11 Schematic diagram of SPD working principle. 

Figure 2.12 A typical thermal wave signal of the thin film sample probed by SPD   

technique. 

Figure 2.13 (a) Scanning photothermal deflection (SPD) signals at different modulated 

pump frequencies. (b) The separation between minima dn vs √1/𝑓 plot. 

The best linear fitting using equation 2.26 is given by the solid line. The 

sample is PM6:Y18 thin film (with the D:A =1:1.2) spin-coated on the 

quartz substrate. The extracted D= 1.91 ±  0.11 mm2/S which is 

comparable in magnitude to stainless steel 304. The y-intercept of the 

linear fitting is due to the beam size effect during SPD measurement 

which will be introduced in Chapter 5 Appendix. 

Figure 2.14 Schematic of different characterization tools applied to probe the 

morphology of the BHJ OSC in different length scale. The picture was 

adopted from Ref. [21]. 

Figure 2.15  Schematic picture of the working principle of Grazing incidence scattering 

technique including GIWAXS and GISAXS. The picture was adopted 

from Ref. [20]. 

Figure 2.16 Schematic diagram of diffraction patterns in GIWAXS measurement 

which is indicative of different morphological information in case of (a) 

sharp ring, (b) arc, (c) ellipse. Adapted from Ref. [22]. 



xv 
 

Figure 2.17 Schematic diagram of crystallinity orientations reflected through the 2D 

GIWAXS pattern in case of (a) face-on, and (b) edge-on orientations. 

Adapted from Ref. [23]. 

Figure 3.1 Procedures for the thin film deposition of PEDOT: PSS hole transport layer. 

These procedures include (1) solution stirring; (2) filtering of solution; (3) 

spin coating and (4) annealing for removal of the residual solution. 

Figure 3.2 Illustration of thermal evaporation processing.  

Figure 3.3 Schematic diagram for the OPV device measurement.  

Figure 3.4 Experimental setup for (a) SCLC measurement and (b) AS measurement.  

Figure 3.5 Schematic diagram of Oxford cryostat used to home the sample. 

Temperature controller, vacuum system, and electrical connection were 

included in this setup. Temperature dependent SCLC measurements were 

carried out by using this system.    

Figure 3.6 (a) Schematic diagram of photothermal deflection spectroscopy experiment 

setup. (b)  Photo of experimental setup. 

Figure 3.7 (a) Schematic diagram of scanning photothermal deflection spectroscopy 

experiment setup. (b)  Photo of experimental setup. 

Figure 4.1 Chemical structures of donor PM6 and acceptors Y3 and Y18. 

Figure 4.2 (a) Energy levels showing the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) levels of the polymer 

donor PM6 and acceptors Y3 and Y18. Normalized absorption spectra of 

(b) BHJ films and (c) acceptor neat films. 



xvi 
 

Figure 4.3 Photovoltaic characteristic: (a) J-V curves of the PM6:Y3 and PM6:Y18 

solar cell devices with inverted architecture. (b) EQE spectra of the 

corresponding device. 

Figure 4.4 Frequency-dependent capacitance at different electric fields for  (a) PM6:Y3 

and (b) PM6:Y18. Inset is the negative susceptance vs frequency plot for 

PM6:Y3 and PM6:Y18, in which the carrier transit times and field 

dependent electron mobilities are derived. 

Figure 4.5 Field dependent electron mobilities of PM6:Y3 and PM6:Y18. The spheres 

represent the data extracted from AS measurements. The solid lines are the 

best fit for mobility data. The value of µ0,e and βe can be extracted from the 

plot. The electric field between 0 to 288 (V/cm)1/2 is the device relevant 

region, where 0 (V/cm)1/2 is open-circuit condition and 288 (V/cm)1/2 is 

short-circuit condition. 

Figure 4.6 Output characteristics of n-type bottom-gate-top contact FET using PM6:Y3 

and PM6:Y18 as active layers. 

Figure 4.7 Transfer characteristics of FET device. The 𝜇𝑠𝑎𝑡 of PM6:Y3 and PM6:Y18 

films can be extracted by following equation 𝐼𝐷𝑆 =
𝑊

2𝐿
𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇)

2. 

Figure 4.8 Original scanning photothermal deflection (SPD) signals at different 

frequency for pristine PM6 polymer film, PM6:Y3, and PM6:Y18 BHJs. 

Insets are the 1st derivation of SPD signals at different frequencies for 

extracting dn.  

Figure 4.9 Variations of dn against f/1 for pristine PM6, PM6:Y3, and PM6:Y18    

BHJ films. The thermal diffusivity (D) of corresponding films can be 



xvii 
 

extracted by following eq. 4.1. The larger is the slope, the larger is the 

thermal diffusivity in the corresponding film. The y-intercept is due to the 

beam size effect which will be discussed in Chapter 5 Appendix.  

Figure 4.10 Variations of normalized dn against f/1 of PM6:Y3 and PM6:Y18 films. 

The data points have been offset to zero y-intercept for clarity. 

Figure 4.11 PDS-derived absorption spectra of (a) pristine PM6 film, (b) pristine Y3 

and Y18 films, and (c) PM6:Y3 and PM6:Y18 BHJ films. The Urbach 

energy (EU) of corresponding films can be extracted by following eq. 4.2. 

Figure 4.12 Comparison of the Urbach energies for different types of BHJ blends. Table 

4.3 provides further information about different devices. The horizontal 

dashed line indicates the average thermal energy at room temperature 

(300 K). 

Figure 4.13 The 2D GIWAXS patterns of the pristine film of (a) PM6 (b) Y3 and (c)   

Y18. 

Figure 4.14 2D GIWAXS patterns of (a) PM6:Y3 (b) PM6:Y18 blend film. The 

GIWAXS reflection profiles of PM6:Y3 and PM6:Y18 blend film for (c) 

in-plane and (d) out-of-plane direction. 

Figure 4.15 AFM height images for (a) PM6:Y3 and (b) PM6:Y18 BHJ. (c) The out-

of-plane (OOP) GIWAXS line cut profiles corresponding to PM6:Y3 and 

PM6:Y18 blend films. The full width at half maximum (FWHM) was 

obtained from the Gauss fitting. The crystalline coherence length (CCL) 

is monitored by the FWHM using the Scherrer equation. 



xviii 
 

Figure 4.16 (a) Electron mobilities, thermal diffusivities and Urbach energies of 

PM6:Y3 and PM6:Y18 BHJs. (b) An illustration of the conformations in 

Y3 molecular and alkyl-induced conformation lock in Y18 molecule. For 

Y3, the A units (DFIC) can rotate with respect to the fused DA’D core. 

Fore Y18, steric hindrance from the hexyl chains block rotations. A 

locked conformation is induced due to interaction between the SˑˑˑO 

atoms. 

Figure 5.1. (a) Schematic diagram of molecular skeleton of the A-DA’D-A type 

electron acceptor. (b) Chemical structures of BZ4F-5, BZ4F-6 (Y22) and 

BZ4F-7 (Y18). (c) The optimized geometries obtained by DFT 

calculations. To simplify calculations, the alkyl side chains were replaced 

by -CH3 groups. The DFT calculation was performed by Prof. Zou’s 

group in Central South University.  

Figure 5.2 (a) UV-vis absorption spectra of three molecules in thin films and in 

solutions. (b) Energy levels configuration of the photoactive materials in 

this work. 

Figure 5.3 (a) J-V characteristics of the best OSCs under the illumination of AM 1.5G, 

100mW cm-2 and, (b) the corresponding EQE spectra of the best devices 

based on PM6:BZ4F-5, PM6:BZ4F-6 and PM6:BZ4F-7. 

Figure 5.4 The absorption spectra derived from PDS technique of (a) the pristine 

BZ4F-5, BZ4F-6 and BZ4F-7 thin films; and (b) the PM6:BZ4F-5, 

PM6:BZ4F-5 and BZ4F-7 BHJ blend films. For each spectrum, a linear fit 

(solid line) on the PDS spectrum is used to extract the Urbach energy Eu 

with equation 5.1. The vertical dashed line indicates the optical bandgap Eg. 



xix 
 

Figure 5.5 J-V characteristic of PM6-based BHJ films with different acceptors at room 

temperature in a semi-log plot for electron mobilities. 

Figure 5.6 SCLC plots under different temperatures of the (a) PM6:BAZ4F-5, (b) 

PM6:BAZ4F-6, and (c) PM6:BAZ4F-7 BHJ film. Electron energetic 

disorder σ and high-temperature-limited mobility μ∞ can be extracted by 

analyzing the temperature-dependent mobilities data by following eq. 5.3. 

Figure 5.7 Electron zero-field mobilities versus the square of reciprocal temperature. 

Solid lines are the best linear fits to the experimental data. Energetic 

disorder 𝜎  for electron transport can be extracted from the slopes and y-

intercept of the data plots. 

Figure 5.8 (a) A typical thermal wave signal probed by Scanning photothermal 

deflection (SPD) technique. The distance between the two minima (dn) 

indicate the thermal diffusion length. (b) SPD signals of BZ4F-7, BZ4F-6, 

and BZ4F-5 based pristine acceptor films and BHJ films. The SPD signals 

for three systems are illustrated at the same pump beam frequency f for 

comparison. The horizontal dashed lines trace the minima (dn) in the SPD 

signal. The larger separation between two dn in the SPD signal indicates the 

thermal wave can diffuse further away.  

Figure 5.9 (a) Plots of the normalized dn vs 1/√𝑓 for all thin film sample films. The 

data points have been offset to zero y-intercept for clarity. The best linear is 

given by solid line and the slope can be used to extract the thermal 

diffusivity (D) by from equation (5.5). (b) Bar chart of thermal diffusivities 

of all investigated samples.  

Figure 5.10 Plots of the dn vs 1/√𝑓 for Y-series based and other three representative 



xx 
 

photovoltaic systems including polymeric acceptor based (neat N2200 and 

PBDB-T: N2200), small molecule acceptor based (neat ITM and PBDB-T: 

ITM), and fullerene acceptor based (neat PCBM and PTB7-Th: PCBM). 

films to demonstrate the difference in D between their pristine acceptor and 

BHJ film. 

Figure 5.11 The plot of l vs EU for Y-series acceptor based films and the other three 

photovoltaic systems. The thermal diffusivity as well the l for pristine 

PCBM is below the detection limit for the current SPD set-up (D ≥ 

0.2mm2s-1) and is taken to be zero. 

Figure. 5.12 (a) GIWAXS pattern of PM6 pristine film (b) Corresponding intensity 

profiles along in plane (black dot lines) and out of plane (red solid lines) 

direction of PM6 film. 

Figure 5.13 (a) GIWAXS patterns of BZ4F-5, BZ4F-6 and BZ4F-7 pristine films. (b) 

Corresponding intensity profiles along in plane (black lines) and out of 

plane (red lines) direction.  

Figure 5.14 (a) GIWAXS patterns of PM6: BZ4F-5, PM6:  BZ4F-6 and PM6: BZ4F-7 

BHJ films. (b) Corresponding intensity profiles along in plane (black lines) 

and out of plane (red lines) direction.  

Figure 5.15 (a) Correlation between terminal group π-π stacking distance dπ-π and 

thermal diffusivities (D) of pristine acceptors and BHJ films. (b) 

Schematic of phonon transfer and molecular packing of BZ4F-5, BZ4F-

6, and BZ4F-7 in the pristine film.  
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Figure 5.16 (a) TEM images of PM6:BZ4F-5, PM6:BZ4F-6, and PM6:BZ4F-7 BHJ 

films under the scale bar of 50nm and 5nm. (b) Schematic of phonon 

transfer pathways at PM6: acceptor BHJ interface for three systems. The 

small domain size and small-scale phase separation offer a bi-continuous 

interpenetrating network for both charge transport and phonon transfer, 

while the A-DA’D-A acceptor (like BZ4F-7) with extend molecule 

geometry and compact packing allows a longer phonon mean free path. 

Figure. 5.17 Transfer characteristics of n-type bottom-gate-top contact organic thin 

film transistor containing pristine BZ4F-7, BZ4F-6, and BZ4F-5 active 

layer annealing in the cryostat with a pressure of less than 10-3 Torr. All 

sample were in situ heated to 400K for thermal durability measurement. 

Figure. 5.18 OPV photovoltaic parameters of PM6:BZ4F-5, PM6:BZ4F-6, and 

PM6:BZ4F-7 BHJ solar cells at 80℃ thermal aging in the glovebox 

without encapsulation. 

Figure 5.19 a) Schematic diagram of n-type TFT device structure. b) Normalized 

saturated electron mobilities for the three TFT devices by using with 

BZ4F-5, BZ4F-6, and BZ4F-7 as active layer was plotted against heating 

time. All TFT devices were housed inside a cryostat with a pressure of 

less than 10-3 Torr during measurements. c) Schematic diagram of BHJ 

OSCs device structure. d) Normalized PCE for the three OSCs was 

plotted against heating time. All the devices were stored and heated in a 

glove box to 80℃ without encapsulation. The J-V measurements were 

carried out in the ambient atmosphere. e) Schematic of phonon transfer in 

PM6: BZ4F-5 and PM6: BZ4F-7 BHJ film. The superior morphology and 
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molecule geometry produce a larger D and enables a better spread of 

phonons to relieves the thermal stress of the BHJ OSCs. 

Figure A.1 Illustration of beam size effect during SPD measurement by using the 

current setup. 
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Chapter 1  

Introduction 

        Organic semiconductors are materials possessing electrical conductivities between 

metals and insulators. These materials and their associated devices have attracted 

increasing attention in the fields of chemistry, physics, and biology in the past two 

decades. Interest in organic semiconductor devices stems from their multiple 

advantages over traditional in-organic counterparts [1-3]. These advantages include light-

weight, flexibility, capability of film growth on different substrates, and solution 

processability. As a result, organic devices are compatible with large-scale fabrication 

methods such as roll-to-roll printing, slot-die, and inkjet printing [4]. Organic functional 

electronic devices employing organic small molecules, organic polymers, or biological 

materials as the active layer have proven to be useful in numerous applications. 

Examples are organic light-emitting diodes (OLED), organics solar cells (OSCs), 

organic field-effect transistors (OTFT), organic photodetectors (OPDs), and recently in 

biosensing applications [5-8]. Figure 1.1 shows some examples of organic 

semiconductor device applications.  

    The basis of organic photovoltaics relies on the ability of a class of organic 

semiconductors to absorb light and convert it into electrical power. The first observation 

of the photovoltaic effect was reported by Becquerel in 1839 [11]. In 1906, Pochettino 

discovered the photoconductivity in the organic compound anthracene [12]. In 1954, the 

first inorganic photovoltaic - crystalline silicon cell was developed at Bell laboratories, 

the power conversion efficiency (PCE) was ~6% [13]. To date, 99% of world 

photovoltaic production comes from silicon-based photovoltaic devices.  Organic 
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photovoltaics offer multiple potential advantages over inorganic devices, especially 

their low-cost, high-throughput, and scalable solution processing.  In 1986, the first 

OSC was reported by Tang et al., with a PCE of ~1% [14]. Later on, Shaheen et al. 

reported the OSCs made from MDMO-PPV/ PC61BM poly[2-methoxy-5-[3('),7(')-

dimethyloctyloxy)-1,4-phenylenevinylene]/  Phenyl-C61-Butyric-Acid-Methyl-Ester 

bi-layer with 2.5% efficiency, and now 5% PCE can be achieved based on bi-layer cell 

[15]. In 1995, a significant breakthrough in OSCs was achieved through the introduction 

of the bulk-heterojunction (BHJ) structure by Yu et al [16]. Since then, remarkable 

progress has been made in the PCE of OSCs devices.  As shown in fig. 1.2 (orange 

closed spot), the best PCE started at ~4% in the early 21st century and surpassed 18% 

at the report of this thesis in 2021.  
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Figure 1.1 Example of novel applications of organic semiconductors in different fields. 

Images are adopted from infinitypv.com/ merinolatin.com/ www-lpl.univparis13.fr/Ref. 

[9-10].  
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Figure 1.2 A summary of certified record PCE of organic photovoltaics. This figure is 

reported by the National Renewable Energy Laboratory (NREL), USA.    
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  BHJ OSCs containing solution-processed blending active layer of electron donor (D) 

and electron acceptor (A) have dominated the PCEs in OSCs field since their 

development in 1995. The fullerene-based n-type acceptors enjoy universal attention 

and the OSCs based on the fullerene-derivatives acceptors led the research for over two 

decades. During this period, many scientists devoted intense efforts to understand their 

fundamental structure-performance properties that limit the PCE of the fullerene-based 

OSCs. On the other hand, much of research concentrates on the design of the donor 

materials with the complementary absorption region and suitable optoelectronic 

properties to match with fullerene acceptors. For example, K. Tajima et al. developed 

the first generation of donor polymer poly(p-phenylenevinylene) PPV derivatives, e.g. 

as MEH-PPV and MDMO-PPV. The PCEs of the PPV-based OSCs show only 3% due 

to the limitation of their large bandgaps [17]. Then, a star polymer materials poly(3-

hexylthiophene) P3HT was developed and the PCE grew sharply to around 6% [18]. This 

work inspired the OSCs field as it is proven that a rational design strategy of the donor 

polymer could achieve the great potential of OSCs. As a result, several successful p-

types donor materials with different bandgaps were designed and applied to the 

fabrication of BHJ OSCs. For instance, 2,7-carbazole PCDTBT, when blended with 

PC70BM, can form OSCs with PCE >7%. Besides, the poly thieno-thiophene 

benzodithiophenes (PTBs) based polymer, with a relatively low bandgap, such as PTB7 

and PTB7-Th, can attain PCEs over 10% [19-21], as shown in fig. 1.3 (a).  To date, the 

best performing fullerene-based OSCs has a PCE of 11.7%.  In the mid-2010s, the 

development of non-fullerene acceptors (NFAs) gained momentum. Particular 

successes should be attributed to the invention of the A-D-A ladder-type fused-ring 

NFAs, such as ITIC-3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-n-hexylphenyl)-dithieno[2,3 d:2’,3’ -dd”] s-indaceno[1,2b:5,6b0] 
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dithiophene. By blending with the wide bandgap donor polymer PBDB-T with suitable 

energy levels and complementary absorption region, a high PCE of 11.21% was 

achieved [22]. Later on, the record PCEs for A-D-A type fused ring NFAs based OSCs 

surged rapidly. In 2017, the NFAs based BHJ system PBDB-T-SF: IT4F achieved a 

PCE exceeding the best fullerene based OSCs (fig. 1.3 (b)) [23]. Another stroke of 

material design for NFAs emerged in early 2019. Zou’s group innovatively introduced 

the electron-withdrawing units (A’) into the central (D) core to form an electron-

deficient-core based (DA’D) fused structure. In one kind of the BHJ OSCs based on 

these new A-DA’D-A type NFAs (e.g. 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4e]thieno[2",3’':4’,5'] -

thieno[2',3':4,5]pyrrolo[3,2-g] thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl) 

bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)) 

dimalononitrile Y6, an unprecedented PCE of 15.7% was reported. Since then, the Y6 

molecule has attracted immense research into its device engineering, structure 

modification, and morphology optimization. Consequently, the PCEs of the OSCs with 

A-DA’D-A type acceptors have nowadays exceeded 18% [25].  

    Over the past three years, there has been rapid and exciting progress in the 

advancement of NFAs, especially on small molecule acceptors (SMAs), pushing the 

OSCs field into a new phase. Compared with the fullerene acceptors, non-fullerene 

SMAs presents several advantages. First, fullerene acceptors lack freedom for bandgap 

tuning. Thus they possess limited absorption in the visible (Vis) and near-infrared (NIR) 

regions. However, a large portion of the solar energy is located in this area (fig. 1.4 (a)). 

As shown in fig. 1.4 (b), tunable bandgaps in NFAs can extend and broaden absorptions 

to the NIR region. In addition, the strong oscillator strength in the molecule skeleton 

endows the NFAs with a strong absorption coefficient. Second, fullerene acceptors 
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possess weak absorptions. Therefore the photocurrent generation of fullerene based 

BHJ can mainly occur in “Channel I” and only a small contribution from “Channel II”, 

as shown in fig. 1.5 (a). In contrast, harvesting of photons absorbed by small bandgaps 

NFAs through “Channel II” can lead to hole transfer which contributes to the higher 

internal quantum efficiency (IQE) in the NFAs based OSCs. Third, spherically featured 

fullerene acceptors have very limited design flexibility. In contrast, NFAs are much 

more flexible for molecular design. NFAs can be modified by multiple functional 

groups, e.g. end groups, molecule backbone, or side chains (fig. 1.5 (b)). Such 

modifications allow fine-tuning of their optoelectrical properties or morphology. 
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Figure 1.3 (a) The important milestones in the development of organic semiconductor 

materials for BHJ OSCs application. (b) A progress of certified PCE for fullerene and 

non-fullerene based BHJ OSCs from 2009 to 2021. The figure was adapted from Ref. 

[24]. 



9 
 

 

Figure 1.4 (a) Solar spectral irradiance under AM 1.5G conditions. (b) Solar irradiation 

spectrum and normalized absorption spectra of pristine fullerene acceptor (PCBM) and 

non-fullerene acceptors (ITIC, IEICO, PDI2, and IEICO-4F) thin films. The figure was 

adapted from Ref. [26].   
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Aim and scope of this thesis  

Despite the exciting breakthrough of NFAs based OSCs, knowledge of their 

fundamental solid-state properties is not yet fully understood, especially for the 

emerging high-performance “Y-series” acceptor materials. Therefore, the questions 

remain: What are the novel properties of these acceptors? How do they work and how 

can we further optimize it? Many existing works, however, focus on materials design 

or device engineering for the purpose of further PCEs enhancement. The correlation 

between the molecular structure and the properties of OSCs requires in-depth physical 

investigations and thus will constitute the primary contents of this thesis. First, charge 

carrier transport in BHJ active layer is affected by the degree of disorder. It appears that 

rational design of the OSCs materials can help to suppress the disorder and thereby 

improving the charge transport properties and PCEs. Therefore, it is desirable to have 

a comprehensive understanding of the structure-property-performance relationships of 

the Y-series acceptors. In addition, a systematic study of the solid-state properties in 

the Y series acceptors and their correlation with the molecular structure is needed to 

unravel their novelties and to further improve the molecular design of these promising 

OSCs materials. More importantly, apart from PCEs, the stability issue of the OSCs 

should be essential for future applications and deserves greater research attention.  

This thesis can be considered to consist of two tightly connected parts: the first part 

revolves around the investigation of alkyl side chain effects in Y-series molecules on 

their electronic and thermal properties, whilst the second part of the thesis is concerned 

primarily with the investigation of backbone effects on thermal transport and device 

thermal durability. The general aim of the thesis, then, is to contribute to the 

understanding of the underlying fundamental physical mechanism that governs solid 
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state properties in these emerging organic photovoltaic materials, to aid in the design 

of new materials and devices to push organic solar cells closer to commercialization.  

 

Figure 1.5 (a) Diagram on the energy level alignment of Channel I and Channel II 

excitation of the electron acceptor. (b) Comparison of functional groups in the 

representative fullerene acceptor (PCBM) and non-fullerene small molecule acceptor 

(ITIC). The figure was adapted from Ref. [27]. 
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  The way that the thesis is set-up is roughly in chronological order of when I worked 

on each part, and the content of thesis consists of six chapters. The first chapter provides 

the background introduction and explains the motivation of the research work. Chapter 

2 covers the methodology of the research. In this chapter, the fundamental properties 

of organic semiconductors, the working mechanism of the OSC device, and the basic 

theories of several characterization tools will be introduced.  All the experimental 

details used in this thesis are described in Chapter 3. Chapters 4 and 5 report the 

experimental results and form the bulk of this thesis. Chapter 6 provides conclusions 

of all the research works demonstrated in this thesis along with an overlook of potential 

future work. 

  In Chapter 4, we examine how the presence of the two attached alkyl chains in A-

DA’D-A type Y-series molecule impacts the fundamental optoelectronic properties of 

the OSCs including (i) charge transport, (ii) heat transfer, and (iii) electronic disorder. 

We uncover that the introduction of alkyl chains at the terminal of the central core of 

the A-DA’D-A molecule can help to achieve a high degree of unified molecular 

conformation. As a result, the solid properties within the BHJ can be significantly 

improved and thereby the PCE of the OSC. Key results of this chapter have been 

published in Ref. [28] in 2020. 

    In Chapter 5, we comprehensively investigate the heat energy transfer in a family 

of structure-related Y-series molecules and examine their impacts on device 

performance and stability. The correlation between the thermal properties and their 

backbone geometry, molecule stacking, and thin-film crystallinity is demonstrated. 

Finally, we showed that the organic semiconductor devices containing the active layer 
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possessing the higher thermal diffusivity exhibit better thermal durability. Key results 

of this chapter have been published in Ref. [29] in 2021. 
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Chapter 2    Basic Principles and Theories 

2.1          Introduction to Organic Semiconductors 

   Organic semiconductors are carbon-based materials. They could be in the form of 

semi-conducting conjugated polymers, small molecules, and oligomers. Each 

constituting carbon atom has six electrons with an electronic configuration of 1s22s22p2 

orbitals [1]. From this electronic configuration, a carbon atom can use its 2s and/or 2p 

electrons to form covalent bonds with another atom. The bonding formation depends 

on the state of the 2s or 2p electrons. If 2s electrons move into the empty 2pz orbitals 

and a linear combination of the 2p and 2s orbitals leads to the formation of the new 

hybrid orbitals. This process is called hybridization [2]. Fundamentally, hybridization 

indicates that four covalent bonds (or four hybrid orbitals) can be formed due to the 

combination of the outermost p orbitals and s orbitals, and these hybrid orbitals can be 

classified into three types: sp, sp2, and sp3 (fig. 2.1). Taking the ethene (C2H4) as an 

example, the carbon atoms in this molecule from three sp2 hybrid orbitals and one 2s 

orbital mix with another two 2s orbitals. Three hybridized sp2 orbitals and one non-

hybridized orbital give rise to the formation of two types of covalent bonding: σ bond 

and π bond. σ bond is the strongest covalent bond while π bond is much weaker. As a 

result, the charge transfer and conducting properties for organic semiconductors 

originated from the delocalization of π bonds.  
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Figure 2.1 Schematic diagram of the s and p orbitals and illustration of three type 

hybrid orbitals: sp, sp2, and sp3 of carbon. 

   Figure 2.2 shows the illustration of the energy level diagram of C2H4 in the ground 

state. The figure illustrates the energy splitting of the antibonding and bonding orbitals 

in the C-C bonding and the effect of the orbital hybridization on the formation of the 

energy levels. Here, the highest occupied molecular orbital (HOMO) is the π orbital, 

which was caused by the overlap between the π orbitals. And the overlapping anti-

bonding π* orbitals form the lowest unoccupied molecular orbital (LUMO). These 

orbitals are also called frontier orbitals. The energetic offset between the LUMO and 

HOMO is generally related to the band gap (optical), and it is the most critical factor 

affecting the optical and electronic processes within organic molecules.  

   The frontier orbitals play important roles in charge separation and conduction after 

optical excitation by photons with energies larger than the bandgap. For the inorganic 

semiconductors, after photo excitation, electrons can be excited from the valence band 
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to conduction band. At the same time, positive charges (holes) are left behind in the 

valence band. For organic semiconductors, the HOMO can be regarded as the valence 

band and the LUMO as the conduction band. Due to the relatively larger dielectric 

constant in inorganic materials, an electron-hole pair (exciton) has a low binding energy. 

Therefore, it can be easily dissociated into free charges. In contrast, the dielectric 

constant in an organic semiconductors is generally much lower (~3), resulting in a 

strong binding energy with a value of 0.2~0.4eV in bound exciton. Therefore, exciton 

dissociation in organic requires larger energies [3].  

 

Figure 2.2 A schematic illustration of the formation of energy diagram by σ and π 

bonding and antibonding orbitals between the carbon atoms. 
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2.2          Charge Transport Mechanism and Characterization 

2.2.1        Hopping Transport 

   Charge transport mechanisms are markedly different at a classical inorganic 

semiconductor and an organic semiconductor. In a conjugated polymer, the backbone 

can be twisted and the chain can be deformed because of its disordered configuration. 

This configuration of the conjugated system has a direct impact on energetic position 

of the HOMO/LUMO. By comparison, inorganic semiconductors have ordered and 

periodic lattice architectures. Therefore, the traditional concept of band conduction and 

standard transport model is not applicable to explain the charge transport behavior for 

organic semiconductors.  

  In an organic semiconductor, due to the structural disordered nature and the presence 

of energy distribution of localized states, charge carrier must transport via hopping 

between the different sites to overcome the limited carrier mean free path [4]. Upward 

hopping requires energy from the phonon absorption which is generated from the 

thermally induced lattice vibration, while charge carrier relaxation (downward hopping) 

releases the phonon energy. Figure 2.3 shows electron hopping transport in organic 

semiconductors. Generally, the main parameter linked to the charge carrier transport is 

the mobility (μ). The μ in an organic semiconductor is related to the electric field and 

temperature: 

 

                                                        μ =
𝑣𝑑

𝐸
=

𝑑

𝐸𝑡
=

𝑑2

𝑉𝑡
                        (2.1) 

𝑣𝑑  is the drift velocity, 𝐸 is the applied electric field, 𝑑 refers to the thickness of device, 

t and V correspond to the transit time of carriers and applied bias respectively.  
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Figure 2.3 (a) Schematic view of electron relaxation and hopping transport after optical 

excitation. The transport sites in LUMO orbital are Gaussian distributed localized states 

with disorder parameter of σe. A similar diagram could be constructed for hole in the 

HOMO (not shown here). 
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2.2.2        Gaussian disorder model (GDM) 

   Gaussian disorder model (GDM) is widely used in the description of charge carrier 

hopping transport in disordered organic materials. The GDM was proposed by Bässler 

et al. in 1993, there are a few assumptions in the GDM [5]: 

1. Hopping transport of charge carriers is assumed to be incoherent. 

2. The effects of polaron and electron-phonon coupling on charge transport are 

neglected. 

3. The hopping rate between localized sites follows Miller-Abraham’s rule.  

4. The distribution and separation of sites is Gaussian type.  

Miller-Abrahams rule was applied to describe the charge carrier hopping rate within an 

amorphous organic:  

 

    

 

    Equation 2.2 is the regular form of the Miller-Abrahams theory for a crystalline 

lattice [6]. For amorphous materials, there is a lack of crystallinity and the inter-site is 

no longer a constant. Therefore, a parameter Σ, reflecting a Gaussian distributed spatial 

disorder replaces the 2γR in the original equation. Besides Σ, σ representing energetic 

                             𝐾𝑖𝑗 = 𝑣𝑒𝑥𝑝(−2𝛾𝑅𝑖𝑗 )  
exp  −

휀𝑗−휀𝑖

𝑘𝐵𝑇
     휀𝑗 > 휀𝑖  

1                         휀𝑗 < 휀𝑖
                          (2.2) 

𝐾𝑖𝑗  is the hopping rate between sites i and j, and 𝑣 represents the attempt-to-escape 

frequency. The jump distance between sites i and j is 𝑅𝑖𝑗  normalized to the inter-site 

distance, a, i.e. the lattice constant and 𝛾 characterizes the electronic coupling between 

adjacent sites. 𝑘𝐵 ,𝑇  and 휀  corresponds to the Boltzman’s constant, temperature in 

Kelvin and site energies respectively. 
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disorder should also be included. Each site is assumed to have a Gaussian site energy ε 

given by:  

                                                        Q(ε) =
1

√2𝜋𝜎2
exp  −

𝜀2

2𝜎2
                        (2.3)  

     It can be noted that σ energetic disorder is the deviation of the Gaussian graph and 

the width of the Gaussian distribution can be calculated based on σ, as shown in fig. 

2.2. Experimental values of σ are usually in the range of 50~150meV. After 

determination of the disorder parameter of the Miller-Abraham equation for disordered 

semiconductors, Monte Carlo simulations are applied to simulate the carrier transport 

mobility as a function of temperature (T) and electric field (F). 

                           μ(𝑇, 𝐸) =  𝜇0exp [− 
2𝜎

3𝑘𝐵𝑇
 
2

] exp 𝐶0 √𝐹 [(
𝜎

𝑘𝐵𝑇
)2 − Σ2]                (2.4) 

where 𝜇0 is the theoretical zero field mobility and infinite temperature mobility. 𝐶0 is a 

numerical constant. When the applied electric field equals 0 (F=0), eq. 2.4 can be 

simplified as: 

                                               𝜇0 = 𝜇∞exp −  
2𝜎

3𝑘𝐵𝑇
 
2

                           (2.5) 

Figure 2.4 (a) exhibits an example for extracting 𝜇0 from the temperature-dependent 

J-V measurement, and fig. 2.4 (b) shows a plot of 𝜇0 vs 1/T for a BHJ film (PM6:Y18 

as the active layer). 𝜇∞  and 𝜎  can be extracted from the temperature-dependent 

transport results by following eq. 2.5.  
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Figure 2.4 (a) J-V curves for extracting 𝜇0,𝑒 of PM6: Y18 BHJ at different temperatures. 

(b) Plot of 𝜇0,𝑒 vs 1/T for a PM6:Y18 BHJ film. 𝜇∞ and 𝜎 can be extracted from the 

linear fitting of the experiment data. The extracted 𝜎 and 𝜇∞ are 53meV and 1.9×10-3 

cm2V-1s-1, respectively.  
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2.2.3        Space-charge-limited Current (SCLC) 

   The most commonly used model for analyzing charge transport behavior in organic 

semiconductors is the space-charge-limited current (SCLC) model [7]. The device under 

investigation can be assumed to have a sandwich structure with an Ohmic electron 

contact, but hole blocking. With only electron current flow, the electron current density 

can be expressed by: 

                                    𝐽 = 𝑞𝐷
𝑑𝑛(𝑥)

𝑑𝑥
+ 𝑞𝑛(𝑥)𝜇𝑛𝐹(𝑥)                             (2.6) 

where  𝜇𝑛 is the electron mobility,  𝑞 is the elementary charge, 𝐽 is the current density, 

D is the diffusion coefficient, 𝑛 is the electron density, x is the spatial position inside 

the semiconductor (cathode located at x=0), and F is the electric field.  

   The electric field inside the organic layer can be expressed by the Poisson equation 

[8]: 

                                          
𝑑𝐹(𝑥)

𝑑𝑥
= −

𝑞𝑛(𝑥)

𝜀𝑟𝜀0
                            (2.7)               

Then, if current from the diffusion part of the device was ignored, eq. 2.6 can be 

simplified as:  

                                              𝐽 = 𝑞𝑛𝜇𝑛𝐹                                           (2.8) 

Combining eq. 2.7 and 2.8 together, one obtains: 

                                                 𝐽𝑑𝑥 = −𝑞𝜇𝑛휀𝑟휀0𝐹(𝑥)𝑑𝐹(𝑥)                        (2.9) 

  Here, if assume the F at the boundary position, 𝑥 = 0, equals 0 (F(0)=0). The above 

equation can be integrated into the equation: 

                                            𝐽 ∫ 𝑑𝑥′𝑥

0
= −∫ 𝜇𝑛휀𝑟휀0𝐹′(𝑥)𝑑𝐹(𝑥)′

𝑥

0
                    (2.10) 
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  From eq. 2.10, a relation of the electric field distribution and the spatial position can 

be derived:  

                                                         𝐹 = −√
2𝐽𝑥

𝜇𝑛𝜀𝑟𝜀0
                                      (2.11)        

To obtain the relation between the current density 𝐽 and the voltage V, eq. 2.11 can be 

integrated to: 

                                                   𝑉 = ∫ 𝐹𝑑𝑥
𝐿

0
−(

8𝐽

9𝜇𝑛𝜀𝑟𝜀0
)

1

2𝐿
3

2                                 (2.12) 

Equation 2.12 can be further rearranged to yield the Mott-Gurney law: 

                                                      𝐽 =
9

8
𝜇𝑛휀𝑟휀0

𝑉2

𝐿3
                                                       (2.13)  

In eq. 2.13, 𝜇𝑛  is considered to be constant. Very often, 𝜇𝑛  is observed to be field 

dependent and follows the Poole-Frenkel effect [9] i.e., which is expressed in the form: 

                                                     𝜇𝑛 = 𝜇0 exp(0.89𝛽√𝐹)                                              (2.14) 

In eq. 2.14, 𝜇0  is the zero-field carrier mobility, and 𝛽  is the Poole-Frenkel slope. 

Combining eq. 2.13 and 2.14: 

                                                𝐽 =
9

8
𝜇0 exp(0.89𝛽√𝐹) 휀𝑟휀0

𝑉2

𝐿3
                                   (2.15) 

As a result, 𝜇0 and 𝛽 can be extracted by fitting the J-V data of a single carrier device, 

in which electron or hole-only charge carriers are present. 
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2.2.4        Admittance Spectroscopy (AS) 

    Admittance spectroscopy (AS) is a powerful tool for investigating charge transport 

properties and relaxation processes in organic devices [10]. A typical AS sample consists 

of an active layer and two electrodes. In order to suppress carrier injection, one 

electrode has a relatively large injection barrier while another side should form an 

Ohmic contact. Under a small forward dc bias Vdc, a small modulation vac is applied to 

the system with a frequency 𝑓 =
𝜔

2𝜋
. The admittance is related to f which can be written 

as: 

                          𝑌 =
𝑖𝑎𝑐

𝑣𝑎𝑐
= 𝐺(𝜔) + 𝑖𝐵(𝜔) = 𝐺(𝜔) + 𝑖𝜔𝐶(𝜔)                 (2.16) 

where 𝐺  is conductance, 𝐵  is susceptance, 𝐶  is capacitance, 𝜔 = 2𝑓  is angular 

frequency. The time dependent injected charge current density can be expressed by 

Poisson equation:   

                                    𝐽(𝑡) = 𝑞𝜌(𝑥, 𝑡)𝜇(𝑡)𝐹(𝑥, 𝑡) + 휀
𝜕𝐹(𝑥,𝑡)

𝜕𝑡
                    (2.17) 

                                             (ε/𝑞)
𝜕𝐹(𝑥,𝑡)

𝜕𝑡
= 𝜌(𝑥, 𝑡)                                           (2.18) 

where  𝐽(𝑡) is the total space-charge-limited current,  𝜌(𝑥, 𝑡) is the charge density, 휀 is 

the dielectric constant. Here, the mobility 𝜇 is assumed to have a time-dependent value 

due to the structural disorder nature of the organic materials. For an Ohmic contact 

𝐹(0, 𝑡) = 0. Therefore, the time-dependent and steady charge current can be expressed 

as follows: 

                                   𝐹(𝑥, 𝑡) = 𝐹𝑑𝑐(𝑥) + 𝑓(𝑥, 𝑡)                                  (2.19) 

                                   𝜌(𝑥, 𝑡) = 𝜌𝑑𝑐(𝑥) + 𝛿(𝑥, 𝑡)                                  (2.20) 
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                                     𝐽(𝑥, 𝑡) = 𝐽𝑑𝑐 + 𝑗(𝑥, 𝑡)                                         (2.21) 

By combining equations 2.17, 2.19, 2.20, and 2.21, the time-dependent current can be 

given as: 

   𝑗(𝑡) = 𝑞𝜇(𝑡)𝜌𝑑𝑐𝑓(𝑥, 𝑡) + 휀𝜇(𝑡)𝐹𝑑𝑐
𝜕𝑓(𝑥,𝑡)

𝜕𝑡
+ 휀

𝜕𝑓(𝑥,𝑡)

𝜕𝑡
                    (2.22) 

The first term in eq. 2.22 represents the contribution of dc charge density in a device. 

The second term describes the time-dependent injected charge-induced current. The last 

term gives the dielectric displacement. The relation between field-independent mobility 

and admittance can be obtained after putting the Fourier transform to the eq. 2.22: 

Y(Ω) =
𝜀𝐴

𝑑𝜏𝑑𝑐
{

Ω3

2𝑖[
3

4
�̃�(Ω)]2 [1−exp 

−𝑖4Ω

3�̃�Ω
 ]+1.5�̃�(Ω)Ω−iΩ2

}                  (2.23) 

where A is the active area of the device. Ω is the normalized frequency with the relation 

of Ω = ω𝜏𝑑𝑐 , 𝜏𝑑𝑐  is the transit time of the charge carrier, and normalized mobility  

𝜇(Ω) =
𝜇(Ω)

𝜇𝑑𝑐⁄ ,  𝜇𝑑𝑐 is the dc mobility [11].  

     A typical capacitance vs frequency plot with space-charge effect is shown in fig. 2.5 

(a). The time-scale to build-up the charge carrier is given by the transit time τdc of the 

injected carrier. At low frequency (ω < τdc
-1), the injected space charges are fast enough 

to respond to the modulation of vac, resulting in an extra current. Briefly, as C(ω) = 

Im(Y/ ω) = |Y| sinθ/ ω, at high frequency, the organic layer behaves as a pure capacitor. 

The phase difference between vac and iac is 90o. Once the frequency of vac drops below 

the carrier transit time, the contribution of the additional current becomes significant. 

Eventually, the phase difference between the additional iac and vac becomes less than 

90o. Therefore, the measured capacitance will decrease. The effect mentioned above 

can be clearly observed by converting the plot of capacitance to the negative differential 
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susceptance –ΔB = - ω (C- Cgeo), as shown in fig. 2.5(b). The maximum frequency (fr 

or τr
-1) in the –ΔB plot is found to be related to the average carrier transit time (τdc) by 

τdc = 0.   

 

Figure. 2.5 (a) Typical frequency-dependent capacitance curve of an PM6:Y18 BHJ 

from AS measurement. (b) The negative differential susceptance −∆B= 2πf (C-Cgeo). 

From τdc, the electron mobility 𝜇𝑑𝑐 =
𝑑2

τ𝑑𝑐𝑉𝑑𝑐
= 4.2×10-4 cm2V-1s-1 for this BHJ.  
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 2.3            Bulk Heterojunction Organic Photovoltaic (OPV) Cells  

 2.3.1        Mechanism and Working Principles 

     The previous sections give an overall review of the charge transport mechanism and 

energy states of organic semiconductors. In this section, we will focus on the 

fundamental properties related to the photovoltaic process of OPV devices. A typical 

OPV consists of several different functional layers: an active layer, two interface layers, 

and two electrodes. The active layer is referred to as a bulk heterojunction of p-type 

electron donor and n-type electron acceptor, as shown in fig. 2.6.  

 

Figure. 2.6 Illustration of the architecture of the BHJ solar cell. 

Generally, the fundamental processes of a BHJ OSC consist of four steps (Fig. 2.7): 

(i) Exciton generation 

The first step starts with the photon absorption that creates excited states (excitons). An 

electron is excited from HOMO level of the donor material to the LUMO level after the 

absorption of a photon with energy larger than the bandgap energy. The Coulomb force 
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between the hole and excited electron gives rise to the formation of the hole-electron 

pair which is called an exciton.   

(ii) Exciton diffusion 

After the exciton generation, excitons may diffusion from one site to another. An 

important parameter in this process is the exciton diffusion length which can be written 

as: 

                                                               𝐿𝐷 = √𝑍𝐷𝜏                                              (2.24) 

where 𝑍 is the dimensionality of the exciton process, 𝐷 is the diffusion coefficient, and 

𝜏 is the exciton lifetime. In BHJ OSCs, the exciton should have a 𝐿𝐷 larger than the 

donor/acceptor domain size in order to arrive at an interface for dissociation.   

(iii) Exciton dissociation 

After reaching donor/acceptor interface, exciton dissociation occurs with the formation 

of a charge transfer state (CT). In the OSCs, the photocurrent generation and voltage 

loss are associated with exciton CT state. And the properties of the CT excitons can be 

controlled by the energetic offset, molecule orientation, molecule structure, and thin-

film morphologies.  

(iv) Charge transport and collection 

An exciton dissociates into the free charges at the BHJ interface under the built-in 

electric field arisen from the energy difference of the electrode work function. Free 

electrons and holes can be collected by their respective electrodes.  
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Figure. 2.7 The basic operating mechanism of photocurrent generation in a BHJ device.  

 

 

 

 

 

 

 



33 
 

2.3.2        Current Density-Voltage (J-V) Characteristics 

  An organic solar cell can be treated as a diode that converts photon energy into an 

electrical current. Figure 2.8 shows a typical J-V characteristic of a BHJ OSC under 

AM1.5G illumination. When the solar device is illuminated, free carriers are generated 

in the BHJ active layer and can be collected by the anode and cathode electrodes. Two 

important parameters worth noting in the J-V curve are the open-circuit voltage Voc and 

the short-circuit current Jsc. Jsc is the current within the device when there is no applied 

voltage. Voc is the voltage across the device when there is no electrical current. These 

properties together determine the power conversion efficiency (PCE) of the organic 

solar cell. The PCE can be calculated based on the J-V curve by:  

                                            PCE =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
                                            (2.25) 

                                            𝑃𝑜𝑢𝑡 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
                                        (2.26) 

where 𝑃𝑖𝑛  is the total incident photon energy. If the device is measured under the 

standard AM1.5 one sun spectrum at room temperature, the 𝑃𝑖𝑛 = 1000𝑊/𝑚2.  

In equation 2.26, 𝐹𝐹 is the fill factor. It can be extracted from the relation between the 

maximum power (Mpp), Voc, and Jsc as illustrated in Fig. 2.8 and by: 

                                            𝐹𝐹 =
𝑀𝑝𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
                                                    (2.27) 
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Figure. 2.8 (a) Typical J-V curve of an PM6:Y18 BHJ device. Open-circuit voltage, 

short-circuit current, and maximum output point are marked on the J-V curve. This 

device has a Voc=0.82V, Jsc= 25.8mA/cm2, Vmax=0.67V, Jmax= 22.7mA/cm2. The FF 

and PCE are 72.3% and 15.3%, respectively.  
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2.3            Thin Film Characterization 

2.3.1        Photothermal Deflection Spectroscopy (PDS) 

  PDS technique is a highly sensitive optical absorption probe technique that can detect 

absorption coefficients in the range from 1 to 10-5 cm-1. This technique is widely used 

in the detection of defect states in organic or inorganic materials [12]. Figure 2.9 shows 

the basic working principle of PDS measurement. During PDS measurements, a 

modulated monochromatic light beam (pump beam) is focused on the sample which is 

immersed in a transparent fluid (the deflection fluid). The absorbed photon energies can 

be converted into heat by non-radiative deexcitation, generating a thermal wave that 

propagates into deflection fluid. The thermal waves then cause a periodic change in the 

refraction index in the surrounding medium. Any temperature variation at the sample 

surface will lead to a thermal gradient in the deflection fluid. The thermally induced 

change in the refractive gradient will result in deflection of the laser probe beam 

launched above the sample surface. The deflections under different wavelength pump 

lights will be recorded by a position sensor. 

   By scanning the thin film sample through different wavelengths, one can extract 

bandgap energy and the Urbach energy of the film. To extract the bandgap from the 

PDS spectrum, we first extract the absorption coefficient α from the PDS data. The α 

can be expressed by the Tauc plot by:  

                                              α =
𝐴(ℎ𝑣−𝐸𝑔)

1/𝑛

ℎ𝑣
                                            (2.28) 

                                       (𝛼ℎ𝑣)1/𝑛 = 𝐴1/𝑛ℎ𝑣 − 𝐴1/𝑛𝐸𝑔                           (2.29) 

where A is absorbance, it can be measured by the reflectance and transmittance.  ℎ𝑣 is 

the photon energy,  𝑛 = 1/2  for semiconductor showing direct bandgap, 𝑛 = 2  for 
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indirect bandgap,  𝑛 = 3  for direct forbidden transition, and 𝑛 = 4  for indirect 

forbidden transition. 

 

Figure. 2.9 Schematic diagram of PDS working principle. 

From the absorption just below Eg, the Urbach energy (Eu) can be extracted by: 

                                           α = 𝛼0𝑒𝑥𝑝 [
ℎ𝑣−𝐸𝑔

𝐸𝑈
]    ℎ𝑣 < 𝐸𝑔                (2.30) 

𝛼0 is the absorption coefficient at the bandgap energy Eg, EU  represents the Urbach 

energy, h  is the Planck’s content, and v  is the incident photon frequency. The EU can 

be extracted from the linear fitting the slope of the Urbach tail region (as shown in fig.  

2.10). The magnitude of EU is related to the energy spread of the localized tail states 

near the band edge of a semiconductor film. The near bandgap defects arise from 

several sources, e.g. thin-film processing, chemical impurities, imperfect crystal 

structure, defects, deep trap state, or charge transfer state, etc [13]. Basically, the larger 
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is the EU, the larger is the electronic disorder in the semiconductor. Thus, the EU can be 

regarded as an index of the quality of the organic thin-film absorbers, and it can be 

correlated with the photovoltaic parameters, charge carrier transport, and other 

optoelectronic properties.  

  

Figure. 2.10 Plot of ln(α) versus photon energy for Urbach energy determination. The 

sample is PM6:Y18 thin film (with the D:A =1:1.2) spin-coated on a quartz substrate. 

The extracted EU is 22.4meV.   
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2.3.2        Scanning Photothermal Deflection Spectroscopy (SPD)    

   Thermal property is of fundamental importance especially for organic 

semiconductors because they govern the temperature-rise magnitude and temporary 

thermal behavior of a semiconductor device. In disordered organic semiconductors, the 

contribution from lattice vibrations (phonons) to the thermal transport dominates the 

total thermal conductivity as compared to the electronic contribution (charge carrier) 

[14]. Much research has been carried out to understand both the charge carrier transport 

and optoelectronic properties of photovoltaic materials. By comparison, fundamental 

investigation of heat energy transfer as well as the thermal properties in organic 

photovoltaic systems has rarely been studied.  

 

 

 

 

 

Figure. 2.11 Schematic diagram of SPD working principle. 

   In this thesis, we use scanning photothermal deflection (SPD) to probe thermal 

diffusivity of the organic thin film sample. As shown in fig. 2.11, the sample under 

investigation is immersed in a transparent fluid. Then it is irradiated by a modulated 

and focused laser beam (the pump beam) with a fixed photon energy. The absorbed 

laser energy induces a temperature rise across the sample surface. The temperature 
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profile along the surface can be probed by scanning an independent laser beam (the 

probe beam) just above the sample surface. The probe beam will be deflected because 

the adjacent fluid is heated up by the irradiated sample. The detection scheme is the 

same as PDS technique. By measuring the deflection versus the scanned distance (y) 

from the center of the pump beam, the surface temperature profile can be mapped out 

and the thermal diffusivity (D) of the BHJ film can be extracted [15]. A more detailed 

experimental setup will be discussed in Section 3.3.2.  

 

Figure. 2.12 A typical thermal wave signal of the thin film sample probed by SPD 

technique. 

   A typical thermal wave signal probed by SPD technique at a single chopper frequency 

was shown in fig. 2.12. At the irradiation center of the pump beam, the SPD signal is 

the largest. Away from the irradiating central point, the deflection signal drops and 
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reaches the two minima (𝑦0
𝑚𝑖𝑛) symmetrically on either side. According to the thermal 

wave theory proposed by G. Suber et. in 1987 [16], the separation (𝑑𝑛) relates to 𝑦0
𝑚𝑖𝑛:  

                                                 𝑑𝑛 = 2𝑦0
𝑚𝑖𝑛 = 2√

𝜋2

2𝜔
= √

𝜋𝐷

𝑓
                 (2.31) 

                                                         𝐷 = 𝑘/𝜌𝑐                                     (2.32) 

where 𝜔  is the chopping frequency of the pump beam, D is thermal diffusivity, k 

donates the thermal conductivity,  𝑐 is the specific capacity, and 𝜌 is density. To obtain 

the D of the thin film sample, measurements are required to be done at the different 

chopper frequencies, as shown in fig. 2.13(a). Then, plot the separation between 

normalized minima dn versus√1/𝑓 . The thermal diffusivity of a material can be 

extracted by the linear fitting of the plot (fig. 2.13(b)).  
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Figure. 2.13 (a) Scanning photothermal deflection (SPD) signals at different modulated 

pump frequencies. (b) The separation between minima dn vs √1/𝑓 plot. The best linear 

fitting using eq. 2.31 is given by the solid line. The sample is PM6:Y18 thin film (with 

the D:A =1:1.2) drop-coated on the quartz substrate. The extracted D= 1.91± 0.11 

mm2/S which is comparable in magnitude to stainless steel 304. The y-intercept of the 

linear fitting is due to the beam size effect during SPD measurement which will be 

introduced in detailed in Chapter 5 Appendix. 
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2.3.3   Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) 

  Organic photovoltaic employs an organic thin film as the light absorber active layer. 

Unlike the inorganic materials, OPV materials lack the long-range ordering but enjoy a 

higher degree of lattice regularity than totally amorphous materials. The repetition 

lattice architecture in an organic thin film results in repetition pattern of electron density. 

Such local order can be probed by an X-ray beam. Grazing incidence X-ray scattering 

(GIXS) technique is especially useful for such probing because it provides the 

morphological information of organic materials from the molecular scale to the 

mesoscale [17]. Complementary to the surface morphology characterization tools such 

as atomic force microscopy (AFM) and transmission electron microscopy (TEM), inner 

morphological information within the organic thin films, i.e. crystallinity, molecular 

packing mode, stacking distance, and crystalline length can be gained through the GIXS 

characterization (Figure. 2.14).    

 

Figure. 2.14 Schematic of different characterization tools applied to probe the 

morphology of the BHJ OSC in different length scale. The picture was adopted from 

Ref. [21].  

  The schematic picture of the working principle of GIXS technique is shown in fig. 

2.15.  
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Figure. 2.15 Schematic picture of the working principle of Grazing incidence scattering 

technique including GIWAXS and GISAXS. The picture was adopted from Ref. [20]. 

Due to the energy conservation, the scattering wave vector q is defined as the three 

parameters (qx, qy, and qz) by [18]: 

                                     𝑞𝑥 =
2𝜋

𝜆
[cos(𝜙) cos(𝑎𝑓) − cos (𝑎𝑖)]                       (2.33) 

                                     𝑞𝑦 =
2𝜋

𝜆
[sin(𝜙) cos(𝑎𝑓)]                                          (2.34) 

                                     𝑞𝑧 =
2𝜋

𝜆
[sin(𝑎𝑖) + sin(𝑎𝑓)]                                      (2.35) 

In order to gain high intensity on the thin film characterization, synchrotron radiation 

is usually selected as the beam source. Generally, the grazing-incidence angle between 

the beam source and the sample ranges from 0.05° to 0.5°. X-ray beam efficiently 

reflects from the sample due to shallow incident angle. Because of the small incident 

angle, X-ray beam is reflected from the sample effectively and then the scattering 

signals are captured and recorded by the 2D X-ray detector.  
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   Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) is a special type of the 

GIXS. GIWAXS has become extremely useful for the qualitative and quantitative 

evaluation of the morphological information of the OPV.  Several important parameters 

on the crystalline can be extracted from GIWAXS data. (Figure. 2.16).  

 

Figure. 2.16 Schematic diagram of diffraction patterns in GIWAXS measurement 

which is indicative of different morphological information in case of (a) sharp ring, (b) 

arc, (c) ellipse. Adapted from Ref. [22]. 

For example, the spacing distance of the lattice units d can be determined according to 

the Bragg peaks position q on the scattering pattern: 

                                                     𝑞 = (
4𝜋

𝜆
)sinθ                                       (2.36) 

where  𝜆 is the X-ray wavelength with a scattering angle 2θ, and the d can be expressed 

by: 

                                                          𝑑 =
2𝜋

𝑞
                                                (2.37) 

in the thin films containing OPV materials, the 𝑑 related to the distance of (i) Lamellar 

stacking: the scattering rise from the vertical backbone-to-backbone separation between 
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the molecules. Usually, the 𝑞 vector for this kind of stacking has the value of 𝑞=0.2~0.4 

Å −1. (ii) 𝜋 − 𝜋 stacking: the scattering because of the interaction between the 𝜋 plane, 

usually found at 𝑞=1.4~1.8 Å −1 (fig. 2.17).  

   Besides the peak position, the shape of the diffraction peak can also be utilized for 

the quantitative evaluation of the crystallite coherence length within the organic thin 

film. The Scherrer equation is a well-known expression to correlate the particle size of 

crystals with the diffraction peak in the X-ray measurement: 

                                                 𝑑 =
𝐾𝜆

𝐹𝑊𝐻𝑀∗𝐶𝑂𝑆𝜃
                                          (2.38) 

where 𝑑 is particle average size, 𝐾 is the constant, normally with a value of 0.9, 𝜆 is the 

wavelength of the X-ray, FWHM is half-width of diffraction peak, and the 𝜃  is 

scattering angle. The crystal coherence length can be interpreted as the size of the 

crystalline domains along a single direction [19-20]. The crystal coherence length is 

associated with the FWHM, the broadening the diffraction peak, the larger the FWHM 

and the larger is the crystal coherence length.  

 

. 

 

 

 

  



46 
 

   

Figure. 2.17 Schematic diagram of crystallinity orientations reflected through the 2D 

GIWAXS pattern in case of (a) face-on, and (b) edge-on orientations. Adapted from 

Ref. [23]. 
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Chapter 3    Experimental Details 

3.1            Sample Fabrication 

3.1.1        Substrate Patterning and Treatment 

    Table 3.1 shows the indium tin oxide (ITO) substrates. Table 3.2 shows the quartz 

substrate for optical characterizations. Before the thin film deposition, all the substrates 

were cleaned by following the steps: 

1) Remove dust particles: Dust particles adhered to the substrate surface were 

removed by acetone-dipped cotton.  

2) Deionized (DI) water cleaning:  all the substrates were transferred to the custom 

glass rack and immersed in the DI water. Then, put the rack container in an 

ultrasonic bath (Model Branson 2800) for ultrasonic cleaning 20min. 

3) Acetone and 2-propanal cleaning: Ultrasonic cleaning by using the acetone and 

2-propanal solvent to remove the micro-pollutants. Each ultrasonic processing 

lasts 20 min. 

  After cleaning, the substrate was transferred to a fume cupboard for drying. Before 

thin film deposition, UV-ozone (UVO) treatment (Jelight UVO cleaner, Model 42-220) 

was applied to enhance the surface wettability and remove the residual solvents.  

 

 

 

 



51 
 

 

Experiment 

 

ITO substrate 

Sheet 

resistance 

(Ω/ □) 

 

Transmittance 

 

 

 

OPV device 

 

 

 

 

≤ 7 

 

 

≥ 84% 

 

 

 

SCLC, AS 

 

 

 

 

 

 

10~20 

 

 

 

≥ 84% 

Table 3.1 ITO substrates for the different experiments. The blue region represents the 

ITO-covered region and the grey area is the glass area. The dimension, the sheet 

resistance, and the transmittance of the ITO substrate are shown in the drawings.  

 

Experiment Quartz substrate Quartz model 

 

PDS, SPD 
          

 

JGS 1 

 

Table 3.2 Quartz substrate for PDS and SPD experiments. The dimension and the 

model of the quartz are given in the table.  
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3.1.2        Deposition Methods 

3.1.2.1        Spin-Coating  

    Spin-coating method allows easy deposition of smooth thin films of solution-

processed organic materials. For small area thin films, spin-coating produces uniform, 

thickness-controlled and smooth films. However, its drawback is in scaling up [2]. The 

thickness of the thin film processed by spin-coating technique depends on several 

parameters, such as the rotating speed, the viscosity of the solution, the rate of solvent 

evaporation et. al [3].  

   Poly(3,4-ethylenedioxythiophene): polystyrene) (PEDOT: PSS) (Heraeus Clevios 

PVP. Al 4083) was selected as the hole transporting layer (HTL) and hole extracting 

layer for OPV devices and hole-only devices in this thesis. The PEDOT: PSS thin film 

was prepared by the spin-coating method, as illustrated in fig. 3.1. PEDOT: PSS 

solution is a mixed blend of two conducting polymers. Therefore, the solution was first 

stirred overnight to ensure uniform mixture. Before spin-coating, a 0.45μm 

polyvinylidenefluoride (PVDF) syringe filter was used to filter the PEDOT: PSS. The 

filtered solution was then spun-coated on the cleaned and UV-treated ITO substrate 

with the rotation speed of 7000RPM for 60s. After that, the wet film was transferred to 

a hot plate for the annealing process in an ambient environment at 140℃ for 10min. 

The dried PEDOT: PSS solid film had a thickness of around 30nm. 

     Different BHJ active layers and electron transporting layer (ETL) 2,9-Bis[3-

(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H, 

9H)-tetrone (PDINO) thin film were deposited. Chloroform (CF) and methanol were 

used as the solvent for BHJ organic compounds and the PDINO layer. All the materials 
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are weighted in the ambient air and dissolved in the metal glove box (Vigor, Model 

SG1200/750TS). Before the thin film deposition, all the solutions were stirred on the 

hot plate overnight to completely dissolve the organic materials. After spin-coating, the 

thickness of the coated layer can be measured by a profilometer (Veeco, Dektak 150). 

Detailed information such as D: A blending ratio, spin speed, annealing temperature, 

and solution concentration will be provided in the corresponding chapter.   

 

Figure 3.1 Procedures for the thin film deposition of PEDOT: PSS hole transport layer. 

These procedures include (1) solution stirring; (2) filtering of solution; (3) spin coating 

and (4) annealing for removal of the residual solution. 
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3.1.2.2        Thermal evaporation  

  Thermal evaporation technique was used to deposit metals (Al, Ag, Au), small organic 

molecules, and LiF layer during device fabrication. Al, Ag, and LiF films were 

deposited in Edwards evaporator (AUTO 306 [3.12]), while CuPc: Spiro-TPD was 

coated in Denton evaporator (DV-502V [3.11]), The corresponding evaporation 

containers for different layers were summarized in Table 3.3. Before evaporation, 

samples were placed on the mask-covered sample stage, as shown in fig. 3.2. Shadow 

masks with different shapes were used to determine the resulted active area. Raw 

materials were placed in the evaporation container. The chamber was then evacuated 

by a diffusion pumped equipped with a liquid-nitrogen trap to a base pressure of ~4×10-

6 Torr before deposition. For thin film evaporation, the material container was first 

heated by a large current. After the solid melting, the coating rate of the source material 

was then controlled by the applied current and voltage. The thin film thickness and 

deposition rate were recorded by a quartz crystal sensor.  
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Figure 3.2 Illustration of thermal evaporation processing.  
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Materials Containers         Model 

 

Al 

   

               

 

Tungsten filament 

(EVSME113025W) 

 

Au 

      

Tungsten basket 

 (EVBRB3030W) 

 

LiF 

  

Tungsten basket 

 (EVBRB3030W) 

 

Organic small 

molecules 

  

Molybdenum boat 

(home-made) 

Table 3.3 Different evaporation containers and their corresponding models for different 

materials.  
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 3.2            Device Measurements 

 3.2.1        Organic Photovoltaic (OPV) Device Measurements 

    The schematic diagram for the OPV device measurement is shown in fig. 3.3. 

Organic photovoltaic cells with an active area of 0.1cm2 were illuminated in the 

ambient environment using a solar simulator (Model Newport, 96000 150W). The 

power density of the solar simulator was controlled by the AM 1.5 filter and an OD 

filter placed between the light source and the OPV sample stage, with a value of about 

100W/ cm2. A power meter (Thorlabs, MPB1000D) was used to calibrate the incident 

power density. The OPV sample was to a Keithley 2400 source meter with self-

developed computer software to scan the current over the device with the loading 

voltage from -0.2V to 1.2V in order to record current-voltage characteristics. Some 

important parameters for OPV devices such as short-circuit current density (Jsc), fill 

factor (FF), open-circuit voltage (Voc), and power conversion efficiency (PCE) can be 

extracted from the J-V curve. A detailed discussion of these parameters was already 

presented in Section 2.3.2.  
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Figure 3.3 Schematic diagram for the OPV device measurement.  
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3.2.2        Charge Carrier Transport Measurements 

3.2.2.1        Space-charge-limited Current (SCLC) Measurement 

    The experimental setup for SCLC measurement is shown in fig. 3.4 (a). The thin film 

sample with a sandwich structure was connected to a DC voltage source Keithley 

(Model 236). The detailed device structure for transport measurements will be 

introduced in Chapters 4 to 6. Both the applied voltage and the corresponding current 

under the specific voltage were recorded. The recorded J-V data was further analyzed 

by the SCLC model. Several transport parameters such as electron mobility 𝜇0,𝑒, hole 

mobility 𝜇0,h, and Poole-Frankel (PF) slope can be extracted [4]. For transport 

measurement, the sample was placed inside a temperature-adjusted Oxford cryostat 

(Oxford Instruments, Optistat DN-V) under vacuum condition (< 10mBar), as 

illustrated in fig. 3.5. Liquid nitrogen and a temperature controller (Oxford Instruments, 

ITC 502) work together to regulate the sample temperature. During temperature-

dependent measurement, we set the step temperature to 10~20K and then waited 30 

min for the temperature to stabilize. Temperature-dependent J-V data was further 

analyzed by the GDM model which was mentioned in Chapter 2 [5]. 
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3.2.2.2        Admittance Spectroscopy (AS) Measurement 

    The schematic diagram of the AS measurements is shown in fig. 3.4 (b). Similar to 

the SCLC measurement, the sample for AS measurements consist of a sandwiched 

structure device by two electrodes. One of the electrodes has a large carrier injection 

barrier while the other one forms an ohmic contact for charge injection.[6] All 

measurements were carried out in vacuum conditions (<10 mbar). During AS 

measurement, a DC voltage applied by dc supply (Manson Engineering Industrial) and 

a small AC voltage from an impedance analyzer (Hioki, Model 3535-50 LCR meter) 

were superimposed to the single-carrier device. The capacitance of the sample was 

detected and recorded under the AC signal scanned from 50Hz to 5MHz with a 50mV 

dc peak voltage. Several transport parameters such as field-dependent carrier mobilities 

and PF slope can be extracted [7].  
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Figure 3.4 Experimental setup for (a) SCLC measurement and (b) AS measurement. 
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Figure 3.5 Schematic diagram of Oxford cryostat used to home the sample. 

Temperature controller, vacuum system, and electrical connection were included in this 

setup. Temperature dependent SCLC measurements were carried out by using this 

system.    
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3.3            Thin Film Characterization 

3.3.1        Photothermal Deflection Spectroscopy (PDS) 

   PDS technique is a highly sensitive technique that can detect absorption coefficients 

in the range from 1 cm-1 to 10-5 cm-1. This technique has been used in the detection of 

defect states in organic or inorganic materials. In this thesis, a transverse PDS setup 

was used in the experiments [8]. The schematic diagram of the PDS setup is shown in 

fig. 3.6 (a). Before the measurement, the organic thin-film samples were prepared by 

spin-coating method onto the quartz substrate. Then, the samples were placed in a 

quartz cuvette filled with perfluorohexane (C6F14, Strem Chemicals, 98%) deflection 

fluid. A 3-dimensional linear translation stage (Edmund Scientific) was selected as the 

cuvette holder for position alignment.  

During PDS measurements, the sample was irradiated by a pump beam (1KW Xeon 

arc lamp) modulated by a mechanical chopper. The chopper was connected to the lock-

in amplifier (Stanford Research SR540). A chopper frequency of 13Hz was selected to 

achieve the best signal-to-noise ratio. A stabilized He-Ne laser (Uniphase, Model 1103P) 

served as the probe beam parallel to the sample and directed onto a quadrant cell 

position sensor (Temic, Model S239P), as shown in fig. 3.6 (b). Any temperature 

variation at the sample surface will lead to the development of a thermal gradient in the 

deflection fluid. The thermally induced change in the refractive gradient will result in 

the deflection of the laser probe beam. The deflection was then detected by the position 

sensor and recorded by the software.  

   Optical alignment is critical in order to achieve an optimal signal-to-noise ratio. It is 

worth noting that the Xeon lamp should be warm-up 30min before the measurement for 

stabilizing the pump. Besides, the probe beam and pump beam should be aligned 
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perpendicular to each other, and the optical lens needs to be aligned to a suitable 

position to maximize the deflection signal. Filtering the deflection fluid using syringes 

and filters can help to suppress noise as microparticles in the fluid. Those microparticles 

may scatter the probe beam and introduce noise. To minimize mechanical vibrations, 

the entire PDS setup was installed on an optical table with vibration isolation legs. 

Besides, a metal box was also used to isolate the sample and the core part of the setup 

from ambient air disruption and environmental background noise. 
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Figure 3.6 (a) Schematic diagram of photothermal deflection spectroscopy experiment 

setup. (b)  Photo of the experimental setup. 
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3.3.2        Scanning Photothermal Deflection Spectroscopy (SPD) 

    SPD has been widely used to explore the intrinsic thermal properties of organic and 

inorganic materials [9-10]. The experimental setup for measuring the thermal diffusivity 

of the thin film sample was shown in fig. 3.7 (a). The setup is similar to PDS. The pump 

beam, however, is fixed in photon energy. Before the measurement, the organic thin 

film samples were prepared by drop-casting or spin-coating method onto the quartz 

substrate. A thick film is required in the SPD measurement as it can avoid as far as 

possible the effect of the substrate on the heat diffusivity measurement of the thin film. 

Then, similar to the PDS measurement, the samples were placed in a quartz cuvette 

filled with perfluorohexane (C6F14, Strem Chemicals, 98%) deflection fluid. A 3-

dimensional linear translation stage (Edmund Scientific) was selected as the cuvette 

holder for position alignment. 

   A 532nm YAG diode laser with a maximum 2.5mW output power was used as the 

pump beam source. The beam waist of the pump beam was measured by the knife-edge 

technique with a value of 3.65mm [11]. The laser diode with a laser holder was mounted 

on a motorized linear translation stage which was controlled by a stepper driver under 

5V dc supply. Therefore, the distance between the pump beam and probe beam can be 

controlled by the stepper motor with a range of 0.2~30mm with respect to the different 

samples. The pump beam was modulated by a mechanical chopper and illuminate on 

the sample surface. The chopper was connected to the lock-in amplifier (Stanford 

Research SR540). The chopping frequency was in the range of 5~50Hz in order to 

achieve the optimized signal. A 20cm focal length convex lens was placed in front of 

the laser holder to focus the pump beam. A stabilized He-Ne laser (Edmund, Model 

62719, 1.5mW) served as the probe beam reflected by an optical mirror parallel to the 
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sample and directed onto a quadrant cell position sensor (Temic, Model S239P), as 

shown in fig. 3.7 (b).  

   Similar to the PDS measurement, precise optical alignment can lower the background 

noise and improve the signal quality. In SPD measurement, another important 

calibration procedure before the measurement is to align the tilt angle between the probe 

beam and pump beam. The probe beam and pump beam should be aligned 

perpendicularly to each other. Otherwise, a small deviation of the tilt angle would give 

rise to overestimated deflection signals and therefore invalid experimental data.  
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Figure 3.7 (a) Schematic diagram of scanning photothermal deflection spectroscopy 

experiment setup. (b)  Photo of the experimental setup. 
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3.3.3        Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)* 

  The thin film samples for GIWAXS measurement were fabricated on the silicon 

substrates using the same recipe for device fabrication. GIWAXS measurements were 

carried out with a Xeuss 2.0 SAXS/WAXS laboratory beamline using a Cu X-ray 

source (8.05 keV, 1.54 A˚) and a Pilatus3R 300K detector. The incidence angle is 0.2o. 

All the samples were spin-coated on the silicon substrates with the same solution 

recipes as for the device active layers. [12] 

 

 

 

 

 

 

 

 

 

 

 

                                    

* The GIWAXS measurements were performed by Ms. Yiqun Xiao in Prof. Xinhui Lu’s 

group from the Chinese University of Hong Kong. 
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Chapter 4   A Disorder-free conformation boosts phonon and 

charge transfer in Electron-Deficient-Core-Based non-fullerene 

acceptor* 

4.1            Introduction 

  The A-DA’D-A type NFAs (e.g. Y6 molecules) have attracted immense research into 

its device engineering, structure modification, and morphology optimization. 

Consequently, the PCEs of the OSCs with A-DA’D-A type acceptors have exceeded 

16% for the binary [1-4] and over 17% for the ternary solar cells [5-7] in 2020. All 

subsequent reports confirmed their excellent PCE performance and versatile 

applications in the field of the integrated photovoltaics (PV) market [8-10]. Despite these 

significant breakthroughs, the question remains: what are the unique electronic 

properties behind different types of the “Y series” acceptors that contribute to their 

sustainable enhanced performance. Besides molecular modifications and PCEs 

enhancement, very rare works have been carried out on their fundamental 

optoelectronic behaviour although such properties should be the vital factors in driving 

their exceptional performance. 

  In this chapter, we focus on two Y-series NFAs Y3 and Y18 [see fig. 4.1], with the A-

DA’D-A molecular architecture. We examine how their (i) charge transport, (ii) heat 

transfer, (iii) electronic disorder can be correlated to their chemical structures and 

device performance. Y18 and Y3 possess identical central core structures with the 

exception of an extra alkyl (n-hexyl) chain attached to the peripheral of the core DA’D 

unit in the Y18 compound. 

* Parts of this Chapter already appeared in J. Mater. Chem. A, 2020, 8, 8566-8574 and Sci. China 

Chem., 2020, 63, 1159–1168. 
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The BHJ OSCs with Y3 can only attain a PCE of merely 13 % while those with Y18 

surpass 16%. Furthermore, we observe that the presence of the n-hexyl alkyl chain in 

Y18 is highly beneficial to the optoelectronic and thermal properties within BHJ blend. 

Significantly higher electron mobility is achieved in an Y18-based BHJ film in stark 

contrast to the Y3-based BHJ. Correspondingly, thermal diffusivity measurements, as 

probed by the scanning photothermal deflection (SPD), indicates almost 2 orders of 

magnitude increase in diffusivity value for the Y18 based blend film than that for Y3. 

From the highly sensitive photothermal deflection spectroscopy (PDS) technique, we 

probed the near band-edge optical absorptions of the Y3 and Y18-based blend films. 

Our results reveal that both pristine Y18, and Y18-based BHJ possess an exceedingly 

small Urbach energy (EU) between 22~23meV. Such a small EU is among the lowest 

value for solution processable semiconductors reported so far and is nearly in par with 

high performance hybrid organic-inorganic perovskite compounds. On the other hand, 

the Y3 and Y3-based blend films have a much higher EU of about 29 meV, which is 

fully consistent with their morphologies. From grazing-incidence wide-angle X-ray 

scattering (GIWAXS) results, the addition of the side chains at the β-position of the 

fused central core has little impacts on the molecular orientation in both pristine and 

blend films, but higher crystallinity and more ordered packing were observed in Y18 

based films. Finally, all these solid state properties and morphology can be rationalized 

by a simple molecular model in which the n-hexyl chain in the core of the Y18 

compound induces a more planar conformation for the A-DA’D-A molecular 

architecture than Y3. Without the hexyl chain (in Y3), torsions between the core DA’D 

and the A units endow Y3 with unlocked molecular configurations. As evidenced from 

GIWAXS, better end-to-end stacking of Y18 originated from its fixed conformation is 

observed with strong π-π overlap than that of Y3. The locked and disorder-free 
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conformation facilitates electron and heat transfer, reduces electronic disorder, and 

enhances device performance. This work offers a comprehensive study on the opto-

electronic properties of the Y series acceptors and a definitive guideline for the future 

material design of high-performance OSCs. 
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4.2           Experimental Details 

  PM6 (Mn=49 kDa), PDINO, and 1-chloronaphthalene (CN) was purchased from 

Solarmer Energy Inc., 1-Materials, and TCI respectively. Chloroform and methanol 

solvents were purchased from Sigma Aldrich. Y3 and Y18 were developed by Prof. 

Zou’s group from central South University. Chemical structures of donor and acceptor 

were shown in fig. 4.1. 

 

Figure 4.1 Chemical structures of donor PM6 and acceptors Y3 and Y18. 

  The BHJ active layer PM6:Acceptors (D:A = 1:1.5, 16 mg mL−1 in total) were 

dissolved in chloroform (CF) and 1-chloronaphthalene (CN) (0.5 %, v/v) and spin-

casted at 3000 rpm for 30s. Figure 4.2 shows the energy levels and the absorption 

spectra of pristine Y3 and Y18 and their blend films with the donor material PM6. The 

electron-only devices have a structure of ITO/Al/BHJ/PDINO/Al. A 50 nm Al layer 

was deposited on the ITO-based substrates to block the hole carriers. Then the BHJ 
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layer was spin-coated on top of the ITO/Al substrate in the glovebox. The PDINO layer 

(0.5 mg mL−1 in total) was dissolved in methanol and spin-casted at 3500 rpm for 40s. 

The thickness of the BHJs was kept in the range of ~200–500 nm and 5 nm for the 

PDINO layer. The substrates with the BHJs were then transferred into a high vacuum 

chamber (~4 × 10−6 torr), depositing a 130 nm Al electrode through thermal evaporation. 

  For the sample of the photothermal deflection spectroscopy PDS measurements, the 

BHJ thin films were spin-coated on cleaned 1mm thick quartz with the area 5×15mm2. 

Briefly, the sample under investigation is immersed in perfluorohexane (FC-72). Then 

it is irradiated by a modulated and focused pump beam (A 1 kW Xenon arc lamp 

(Newport) in combination with a 1/4m monochromator (Oriel).  The pump beam was 

modulated at 13 Hz by a mechanical chopper before irradiating the sample. A Uniphase 

HeNe laser as the probe beam was directed parallel to the sample surface. The PDS 

signal was detected by a quadrant cell (United Detector Technology) position sensor. 

The output signal of the detector was fed into a lock-in amplifier (Stanford Research, 

Model SR830) for phase-sensitive measurements.  

  The sample for scanning photothermal deflection spectroscopy measurements was 

prepared on top of a cleaned 15mm×5mm×1mm quartz with the drop-cast fabrication 

method. The sample was immersed into the perflurohexane deflection fluid in a cuvette. 

A 2 mW 632 nm He-Ne laser mounted on a fixed holder is used as the probe beam. A 

5 mW 532 nm YAG laser diode mounted on a motorized linear translation stage is used 

as the pump beam. The motorized linear translation stage is controlled by a stepper 

motor driver, which is powered by a 5V 1A dc supply. By sending digital signals to the 

stepper motor driver, one can adjust the separation between the probe beam and the 

pump beam. A convex lens with a 20 cm focal length for focusing the pump beam onto 

sample is mounted on the pump beam holder so that the lens can move together with 
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the pump beam. The pump beam is modulated by a mechanical chopper with an 

adjustable chopping frequency. A silicon PIN photo quadrant detector (TEMic) with 

6V reverse bias is used to detect the deflection of the probe beam. The mechanical 

chopper and the position sensor are connected to the Standford Research SR830 lock-

in amplifier. 
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 Figure 4.2 (a) Energy levels showing the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) levels of the polymer donor PM6 

and acceptors Y3 and Y18. Normalized absorption spectra of (b) BHJ films and (c) 

acceptor neat films. 
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4.3           Results and Discussions 

4.3.1           Photovoltaic Performance of PM6:Y3 and PM6:Y18 BHJ OSCs# 

   To explore and compare the photovoltaic performance of the acceptors, polymer PM6 

was chosen as the donor for complementary absorption with the acceptors to fabricate 

the BHJ OSCs. In order to eliminate unexpected changes in morphology due to 

additional post-processing steps, the active layers were prepared in the same blend 

ratios (donor/acceptor weight rations) and the same thermal processing conditions. 

Figure 4.3 (a) shows representative current density versus voltage (J-V) curves of the 

OSCs under the illumination of standard AM 1.5 G, 100 mW cm-2. Table 4.1 collects 

the photovoltaic parameters (from at least fifteen devices) of these OSCs. The 

PM6:Y18-based OSC exhibits the higher FF (76.2%) while the smaller FF (66.4%) is 

found in the PM6:Y3 device. All the OSCs exhibited Jsc higher than 24 mA cm-2 owing 

to their strong absorption in NIR (see absorbance spectra in fig. 4.2). For the Y3 based 

device, although the Jsc is similar to the Y18 device, the FF and Voc lag behind, resulting 

in a relatively low PCE (13.24%) (while the PCEs of the Y18 based devices is 16.02%). 

  Figure 4.3 (b) shows the external quantum efficiency (EQE) spectra of the OSCs with 

a high and broad spectral response from 300 to 950 nm, indicating both the donor and 

acceptor simultaneously contribute to the overall photocurrent. The calculated Jsc 

values integrated from the EQE spectra are 24.08 and 24.89 mA cm-2 for the Y3 and 

Y18-based OSCs, which is consistent with the Jsc values measured from J-V curves (the 

deviation is within 1%).  

                                     

# OPV devices are fabricated and measured in Central South University by Dr. Jun Yuan. 
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Figure 4.3 Photovoltaic characteristic: (a) J-V curves of the PM6:Y3 and PM6:Y18 

solar cell devices with inverted architecture. (b) EQE spectra of the corresponding 

device. 

Table 4.1 Device parameters of PM6:Y3 and PM6:Y18 BHJ OSC. 

Sample 

Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

PM6:Y3 0.81 24.10 66.4 13.24 

PM6:Y18 0.84 24.91 76.4 16.02 
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4.3.2           Charge Carrier Transport of PM6:Y3 and PM6:Y18 BHJ film 

  We first investigated the electron transport in the BHJs using electron-only devices. 

To explore the impact of the alkyl side chain of the electron-deficient-core based 

acceptors on the charge carrier transport within the blend films, BHJ films were 

prepared with the same donor material PM6. The donor:acceptor weight ratio is 1:1.5, 

which is the same as the D:A ratio of the optimized solar cell device. Admittance 

spectroscopy (AS) was performed to extract the electron mobilities in the BHJs. The 

principle of AS for carrier mobility measurements is well described in Chapter 2 . 

Figure 4.4 (a) and (b) shows the measured frequency dependent capacitances at the 

different applied electric fields for the PM6:Y3 and PM6:Y18 BHJ blends, inset is the 

negative susceptance vs frequency plot two BHJ films. In each data set, the position of 

the drop of capacitance is correlated with the carrier transit time. The AS mobility at a 

certain electric field can be extracted from the negative differential susceptance -ΔB vs 

f plot. If the minimum capacitance Cmin occurs at a higher frequency, it indicates higher 

carrier mobility. Therefore, µe in PM6:Y18 is higher than that of PM6:Y3 in all the 

electric fields.  

  Figure 4.5 shows the field-dependent electron mobilities for the PM6:acceptor BHJs. 

The zero-field mobility µ0,e can be extracted using the Poole-Frenkel (PF) model: 

1/2

e 0,e e( ) exp( )F F  = , where µ0,e is the zero-field electron mobility, F is the applied 

electric field, and βe is the associated PF slope [11-13]. Detailed values of µ0,e and βe can 

be found in Table 4.2. Specifically, the Y18-based (with alkyl side chains) blend film 

has µ0,e = 8.9×10-5 cm2 V-1 s-1, which is more than one order higher than PM6:Y3 

(3.8×10-6 cm2 V-1 s-1). Besides, PM6:Y18 achieves a reduced βe in the electron transport, 

which means the applied electric field F has a relatively weak influence on the electron 
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mobility. A smaller βe improves the electron transport in the low field region, leading 

to electron mobilities over 10-4 cm2 V-1 s-1 under different applied electric fields for the 

PM6:Y18 BHJ. In contrast, the electron mobility µ e in PM6: Y3 decreases by about two 

orders from the short-circuit to the open-circuit (zero-field) conditions because it has a 

highly field-dependent electron transport property (larger βe). 
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`  

Figure 4.4 Frequency-dependent capacitance at different electric fields for  (a) PM6:Y3 

and (b) PM6:Y18. Inset is the negative susceptance vs frequency plot for PM6:Y3 and 

PM6:Y18, in which the carrier transit times and field dependent electron mobilities are 

derived. 
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Figure 4.5 Field dependent electron mobilities of PM6:Y3 and PM6:Y18. The spheres 

represent the data extracted from AS measurements. The solid lines are the best fit for 

mobility data. The value of µ0,e and βe can be extracted from the plot. The electric field 

between 0 to 288 (V/cm)1/2 is the device relevant region, where 0 (V/cm)1/2 is open-

circuit condition and 288 (V/cm)1/2 is short-circuit condition. 
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  The enhanced electron transport for Y18 can be further confirmed by the organic thin 

film transistor (OTFT) technique as well. N-type bottom-gate-top contact OTFT device 

was fabricated by using PM6:Y3 and PM6:Y18 as an active layer to further explore the 

effect of side chain variation on electron acceptor along in-plane direction. Figure 4.6 

shows the output characteristic of two OTFT devices. Figure 4.7 shows the 

corresponding transfer characteristics. The saturation mobilities of OTFT were 

calculated from the transfer characteristics by: 𝐼𝐷𝑆 =
𝑊

2𝐿
𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇)

2, where 𝐼𝐷𝑆 is 

the source drain current, W and L are the TFT channel width and length, 𝐶𝑖 is the gate 

dielectric capacitance per unit area, 𝜇𝑠𝑎𝑡 is the saturate carrier mobility, 𝑉𝐺 is the gate 

voltage and 𝑉𝑇  is the threshold voltage. The in-plane electron mobility µ sat was 

summarized in Table 4.2. From the results, the in-plane µ sat shows a similar trend as 

the out-of-plane µ0,e obtained from AS measurement. In the presence of hexyl chain, 

Y18-based blend film achieves a higher µ sat. In general, both AS and the TFT results 

are in accordance with the previous reports about the enhanced backbone ordering after 

attaching alkyl groups to the molecular main chain [14,15]. 
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Figure 4.6 Output characteristics of n-type bottom-gate-top contact FET using PM6:Y3 

and PM6:Y18 as active layers. 
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Figure 4.7 Transfer characteristics of FET device. The 𝜇𝑠𝑎𝑡 of PM6:Y3 and PM6:Y18 

films can be extracted by following equation 𝐼𝐷𝑆 =
𝑊

2𝐿
𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇)

2. 

 

Table 4.2 Transport parameters, β (PF slope) and µ0,e extracted from AS measurement, 

µ sat from OTFT technique of PM6 based BHJs with different acceptors. 

 

Sample β [10-3(cm/v)1/2] µ0,e (cm2V-1s-1) µ sat (cm2V-1s-1) 

PM6:Y3 7.4 3.6×10-6 7.5×10-4 

PM6:Y18 4.3 8.9×10-5 2.1×10-3 
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4.3.3    Scanning Photothermal Deflection Spectroscopy for Heat Transfer in BHJ 

films 

Heat conduction in solids is controlled by mobile charges and phonons [16]. We, 

therefore, expect that an organic thin film with a higher charge carrier mobility and a 

more ordered structure should enjoy more efficient heat transfer. Besides, it is known 

that the structural properties of molecular/polymer chains could play an important role 

in determining their thermal conductivity [17,18]. However, the correlation between the 

molecular structure and heat transfer property in bulk heterojunction systems has not 

been elucidated before, especially for the emerging high performance OSC systems. 

Here, we employed a custom-made photothermal deflection setup and performed 

scanning photothermal deflection (SPD) on the BHJ films. The principle of SPD has 

been well-documented elsewhere [19]. By measuring the deflection versus the scanned 

distance (y) from the center of the pump beam, the surface temperature profile can be 

mapped out and the thermal diffusivity (D) of the BHJ film can be extracted. Figure 

4.8 shows the raw SPD signals at different frequencies for pristine PM6 polymer film, 

PM6:Y3, and PM6:Y18 BHJ films. Insets are the 1st derivation of SPD signals at 

different frequencies for extracting dn. At the center with y = 0, the SPD signal is the 

largest. On either side away from y = 0, the SPD signal drops rapidly and undergoes a 

minimum. The separation (dn) between two minima on either side can be used to deduce 

D by: 

                                                                      𝑑𝑛 = √𝜋𝐷/𝑓         (4.1) 

where f is the modulated frequency of the pump beam19. Figure 4.9 shows the dn versus 

1/√𝑓 for all investigated samples. In order to obtain a clear comparison, fig. 4.10 shows 

variations of normalized dn against f/1 of PM6:Y3 and PM6:Y18 BHJ film. From the 
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results, PM6:Y18 has a D=1.91 mm2/s which is close to the pristine donor film (D=1.91 

mm2/s). In sharp contrast, for the BHJ of PM6:Y3, D is 0.06 mm2/s which is two orders 

smaller than the D of PM6:Y18. As discussed further below, a higher D value in Y18 

may arise from (i) the fixed molecular conformation in nanoscale (ii) stronger π-π 

stacking and better crystallinity in mesoscale. The fixed conformation and better end-

to-end overlap improve the intramolecular and intermolecular phonon transfer, 

respectively. In contrast, the more twisted conformation and π-π stacking of Y3 may 

give rise to excess phonon scattering events and thereby decreasing heat transfer [20,21]. 
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Figure 4.8 Original scanning photothermal deflection (SPD) signals at different 

frequency for pristine PM6 polymer film, PM6:Y3, and PM6:Y18 BHJs. Insets are the 

1st derivation of SPD signals at different frequencies for extracting dn.  
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Figure 4.9 Variations of dn against f/1 for pristine PM6, PM6:Y3, and PM6:Y18 

BHJ films. The thermal diffusivity (D) of corresponding films can be extracted by 

following eq. 4.1. The larger is the slope, the larger is the thermal diffusivity in the 
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corresponding film. The y-intercept is due to the beam size effect which will be 

disscussed in Chapter 5 Appendix.  

 

 

Figure 4.10 Variations of normalized dn against f/1 of PM6:Y3 and PM6:Y18 films. 

The data points have been offset to zero y-intercept for clarity. 
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4.3.4           Photothermal Deflection Spectroscopy for tail state absorption 

  A disorder semiconductor is known to possess an absorption band tail below the band 

gap Eg. The band tail absorption is usually very small. Here, we employed the highly 

sensitive photothermal deflection spectroscopy (PDS) technique to characterize the tail 

state absorption of the BHJ films with Y3 and Y18. The principle of PDS measurement 

has been discussed in chapter 2. Figure 4.11 shows the PDS-derived optical absorption 

spectra of the PM6 pristine film and two BHJ blends as a function of the incident photon 

energy. Distinct and abrupt drops in the absorption occur at about 1.4 eV, which 

coincide with the bandgap energies Eg. We note from fig. 4.11 that Y3, Y18, and their 

BHJ possess excellent absorption of ~105 cm-1 above Eg. In close proximity below Eg, 

the absorption coefficient 𝛼 can be described by the Urbach equation: 

                      
g

0

U

exp[ ]
E E

E
 

−
=  ,  E < Eg              (4.2) 

where 
0  is the absorption coefficient at Eg, h is the Planck’s constant, E is the incident 

photon energy, and EU is the Urbach energy [22]. EU can be understood as a measure of 

the electronic disorder of a semiconductor, and has been widely used to characterize the 

disorder in amorphous semiconductors. A summary of the extracted Urbach energy 

values can be found in Table 4.3. From the PDS results, the EU (27.7 meV) in the Y3-

based BHJ film is clearly much higher than that of the PM6:Y18 (22.4 meV). As EU is 

known to be related to the density of the localized states near the band edge, the 

PM6:Y18 BHJ must possess less localized states. The suppressed Urbach energy and 

less localized states obtained from the PDS measurement are consistent with the above 
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observation of the improved transport properties in the Y18-based BHJ. In contrast, the 

higher Urbach energy in Y3 means that the mobile charges can be trapped in the 

localized states and need de-trapping via a larger electric field or thermal excitation, 

leading to the poor transport properties in the PM6:Y3 blend. In addition, we also 

probed the sub-bandgap absorptions for the pristine PM6 donor and acceptor films. It 

can be seen that the EU extracted from pristine acceptor films follow a similar trend of 

PM6 > Y3 > Y18. These results further confirm that the origin of the distinguishing EU 

in the corresponding BHJ films comes mainly from the acceptor materials.  

 



95 
 

Figure 4.11 PDS-derived absorption spectra of (a) pristine PM6 film, (b) pristine Y3 

and Y18 films, and (c) PM6:Y3 and PM6:Y18 BHJ films. The Urbach energy (EU) of 

corresponding films can be extracted by following eq. 4.2. 

 

  More importantly, we found that both of these two BHJs have relatively small EU 

(≤ 30 meV), which are close to or less than the thermal energy kBT (~26 meV) at room 

temperature. Figure 4.12 shows a summary of the EU values for different types of OSC 

systems. The numerical EU values can be found in Table 4.3. In this work, we obtain an 

exceedingly small Urbach energy which is less than 23 meV for both the PM6:Y18 film 

and the Y18 pristine film. Those values are even below the thermal energy (~26 meV) 

which sets the electronic disorder limit at room temperature. To our best knowledge, 

both values are better than any other values previously reported for solution processable 

OSCs systems. In addition, these values are comparable to those of the typical 

perovskite solar cell materials found in the literature, demonstrating the huge potential 

of fabricating high-performance OSCs by using electron-deficient-core-based 

acceptors 
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Figure 4.12 Comparison of the Urbach energies for different types of BHJ blends. Table 

4.3 provides further information about different devices. The horizontal dashed line 

indicates the average thermal energy at room temperature (300 K). 
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Table 4.3 Summary of the values of the Urbach energy for different types of solution 

processed organic BHJ blends. 

No. Film EU (meV) Ref. 

1 PCDTBT: PCBM 54.9 23 

2 PTB7: PCBM 48.9 24 

3 MDMO-PPV: PCBM 43.0 25 

4 P3HT: PCBM 37.0 25 

5 PffBT4T-2OD: PCBM 36.0 26 

6 PBTTT-EFT: PCBM 31.6 27 

7 PIPCP: PCBM 27.0 28 

8 PffBT4T-2OD: IDFBR 39.0 26 

9 PBDB-T: ITIC 34.4 29 

10 PTzBI: N2200 32.8 30 

11 PBDB-T: N2200 29.6 30 

12 Pure Y3 29.5 This 

13 PM6: Y3 27.7 work 

14 Pure Y18 22.2 This 

15 PM6:Y18 22.4 work 
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4.3.5           Morphologies for BHJ films 

  Next, we address how the additional alkyl chains affect the thin film morphology. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was employed to 

characterize the molecular orientation and the crystallinity of the Y3 and Y18-based 

BHJ films. The 2D GIWAXS patterns of the pristine film of PM6, Y3, and Y18 were 

given in fig.  4.13. The GIWAXS patterns of PM6:Y3 and PM6:Y18 blend film are 

shown in fig. 4.14 (a) and (b), respectively. The in-plane (IP) and out-of-plane (OOP) 

GIWAXS profiles of two BHJs are shown in fig. 4.14 (c) and (d) respectively. In the 

IP reflection, it is found that the reflection located at qxy = 2.5-2.6 Å -1 are attributed to 

the PM6 (100) alkyl-chain stacking, while the peaks located at qxy = 4.33 and 4.38 Å -1 

can be attributed to the Y3 and Y18 (100) alkyl-chain periodicity, respectively. As for 

OOP direction, all the BHJ films exhibit a strong π-π stacking peak in the OOP direction 

at qz = 17.65 Å -1 (d = 3.56 Å -1, PM6:Y3) and qz = 17.50 Å -1 (d = 3.58 Å -1, PM6:Y18), 

corresponding to a preferential face-on orientation of two blend films. 

 

Figure 4.13 The 2D GIWAXS patterns of the pristine film of (a) PM6 (b) Y3 and (c) 

Y18. 
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Figure 4.14 2D GIWAXS patterns of (a) PM6:Y3 (b) PM6:Y18 blend film. The 

GIWAXS reflection profiles of PM6:Y3 and PM6:Y18 blend film for (c) in-plane and 

(d) out-of-plane direction. 

  Compared to the PM6:Y3, the BHJ film with Y18 exhibited much brighter and sharper 

diffraction peaks in both the IP and OOP direction, indicating a higher degree of 

crystallinity and stronger π-π stacking. The same packing trend was observed in pristine 

acceptor film as well. The crystalline coherence length (CCL) in π-π stacking direction 

of BHJ films was calculated from the full width at half maximum (FWHM) in 

GIWAXS profile by following the Scherrer equation. As shown in fig. 4.15, The 

PM6:Y18 and PM6:Y3 blend films exhibit a similar CCL (2.93 nm for PM6:Y3 and 

2.79 nm for PM6:Y18). Besides, the atomic force microscopy (AFM) was employed to 

characterize the arrangement and accumulation information of PM6:Y18 and PM6:Y3 

blend films. As shown in fig. 4.15 (a) and (b), when compared to PM6:Y3-based film, 

a greater root-mean-square surface roughness (Rq) and the slighter larger domains were 
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observed in the PM6:Y18 blend film from AFM patterns. These morphology features 

are in good agreement with the stronger intermolecular packing and better crystallinity 

in Y18 based thin film demonstrated in GIWAXS measurement. 

  Overall, the morphology studies indicate that within this NFA family, (i) variation in 

the alkyl side chains minimally affects the molecular packing behavior of the BHJ films 

(the preferential face-on orientation in the neat and the blend films) (ii) introduction of 

the alkyl chains in Y18 can increase the interlamellar distance as expected, and (iii) 

Y18 based film performed strong π-π stacking and crystallinity. Thus, these results, 

combined with the electrical and optical measurements, show that the improvement of 

the solid-state properties in Y18 originates primarily from the better intermolecular π-

π interaction. Furthermore, as discussed below, we will show that this behavior may be 

driven by the conformation differences of alkylated TT-DFIC (Y18) versus that of the 

TT-DFIC (Y3). 
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Figure 4.15 AFM height images for (a) PM6:Y3 and (b) PM6:Y18 BHJ. (c) The out-

of-plane (OOP) GIWAXS line cut profiles corresponding to PM6:Y3 and PM6:Y18 

blend films. The full width at half maximum (FWHM) was obtained from the Gauss 

fitting. The crystalline coherence length (CCL) is monitored by the FWHM using the 

Scherrer equation. 
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4.3.6           Molecular Model for Y3 and Y18 small molecule acceptor 

  In the Y3 acceptor, an electron-deficient fused core structure DA’D (= TT unit) is 

employed as the core and is connected at each end by A (= DFIC unit) as shown in fig. 

4.16 (b) The overall structure can be denoted by DFIC-TT-DFIC. The DFIC units can 

twist with respect to the rigid planar core TT. The rotational freedom leads to 

conformational diversities for the Y3 molecule [31]. Attaching extra hexyl chains to the 

β-position in the TT unit forms the Y18 acceptor and introduces steric hindrance for the 

rotation of the DFIC end groups. The resulting structure favors a definite molecular 

conformation along the conjugation backbone in which the S atoms on the core interact 

with the O-atoms on the DFIC units as indicated in fig. 4.16 (b) Such a molecular model 

has been supported previously by density-functional theory (DFT) calculations as well 

as by temperature nuclear magnetic resonance (NMR) measurements from the previous 

report.. Our results connect the molecular model to the enhanced solid state properties 

for the PM6:Y18 BHJ in three regards [fig. 4.16 (a)].  

(i) The fixed conformation occurs at the molecular level in the acceptor portions of the 

BHJ. Thus, the electron mobility is expected to be boosted significantly when the 

acceptor is switched from Y3 to Y18. Furthermore, the reduced Poole-Frenkel slope 

suggests the rate-limiting electron hopping conduction should be reduced because of 

better π-π interactions between acceptors with fixed conformations. On the other hand, 

as evidenced from GIWAXS, stronger end-to-end stacking of Y18 generated from its 

locked conformation is observed with a strong π-π overlap than that of Y3. 

(ii) Heat transfer, as measured by the thermal diffusivity D, is boosted significantly.   

Adopting a simple kinetic model, D can be written in the form [32]:  
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𝐷 =  
1

3
𝑣𝑙       (4.3) 

where v is the phonon group velocity (speed of sound) and l is the phonon mean free 

path. For polymeric materials, v is in the range of 600 – 1500 m/s [33]. If we consider 

the PM6:Y18 BHJ, taking a mean v of about 1000 m/s, the resulting l value is about 5 

nm, which is roughly the same dimension of the length of two Y18 conjugated chains 

in tandem. This numerical estimation supports the notion that phonon transfer is over a 

conduction tunnel which has a better intra-molecular interaction such as those of Y18. 

(iii) Y18 and PM6:Y18 possess an extremely low Urbach energy of about 23 meV. 

Previously, Abay et al. proposed that EU is contributed by two terms [34]:  

𝐸𝑈
2 = 𝑘𝑡ℎ𝐸𝑡ℎ

2 + 𝑘𝑠𝑡𝐸𝑠𝑡
2     (4.4) 

In Eq. (4), the first term arises from disorder due to thermal induced lattice vibrations. 

The second term is due to static disorder, i.e., from structural disorder [35]. Consideration 

of the difference between the EU of the Y3 and Y18 acceptors and their BHJ, the 

reduction of EU in Y18 can be attributed to reduced static disorder. The fact that the 

overall EU for Y18 and its BHJ are as small as 23meV suggests that their structural 

disorders are significantly reduced. The remaining disorder is dominated by the thermal 

disorder. As a result, these Y acceptors, when properly designed, can be regarded as 

disorder free electronic materials and must have broader and more important 

applications in future. 
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Figure 4.16 (a) Electron mobilities, thermal diffusivities and Urbach energies of 

PM6:Y3 and PM6:Y18 BHJs. (b) An illustration of the conformations in Y3 molecular 

and alkyl-induced conformation lock in Y18 molecule. For Y3, the A units (DFIC) can 

rotate with respect to the fused DA’D core. Fore Y18, steric hindrance from the hexyl 

chains block rotations. A locked conformation is induced due to interaction between 

the SˑˑˑO atoms. 
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4.4              Summary 

We utilized two A-DA’D-A type fused ring acceptors (Y3 and Y18) to explore the 

relationship between the chemical structures of electron-deficient-core-based acceptors 

and their optoelectronic properties. The two small molecular acceptors having the same 

core unit while an additional alkyl side chain was introduced into the terminal of the 

Y18 core to fix the conformation. First, we characterize the charge transport properties 

of the two BHJs using admittance spectroscopy (AS). Significantly higher electron 

mobility is achieved in the PM6:Y18 BHJ due to the efficient electron conduction 

pathways. Besides, the scanning photothermal deflection (SPD) technique was used to 

measure the heat diffusivities (D) in the Y3- and the Y18-based blend film. After the 

introduction of the alkyl side chains, the thermal diffusivity of the Y18-based blend film 

appears up to 2 orders of magnitude higher than the Y3. Furthermore, from a 

comparison of the Urbach energy measured by photothermal deflection spectroscopy 

(PDS), we established the relationship between the structural disorder and the tail state 

absorption in organic heterojunctions. The reduced structural disorder results in an 

extremely low Urbach energy of less than 23 meV in the Y18-based neat film and the 

BHJ film. This Urbach energy is amongst the lowest reported in the literature for 

solution processable OSCs materials. From the grazing-incidence wide-angle X-ray 

scattering (GIWAXS) measurement, compared with the Y3, Y18-based films achieve 

stronger intermolecular π-π stacking and higher crystallinity. Ultimately, we provide a 

molecular model to correlate the contrasting solid state properties and morphology with 

the conformational variations in these Y series acceptors. This study provides direct 

evidence for a correlation of the chemical structure, transport properties, and electronic 

disorder in high-performance OSC systems. 
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Chapter 5    Correlating the molecular structure of A-DA’D-A 

type non-fullerene acceptors to its heat transfer and charge 

transport properties in organic solar cells** 

5.1            Introduction 

The Y-series NFAs with an A-DA’D-A configuration (fig. 5.1 (a)) is a combination 

of a ladder-type backbone with an electron-deficient core (DA’D), electron-accepting 

end-groups (A), and two sp2-hybridized nitrogen atoms on the pyrrole motif of the 

DA’D framework [1-6]. Numerous studies have shown that adjusting the DA’D cores 

and terminal A groups of Y-series NFAs could precisely control their bandgap, energy 

levels, and packing properties [7-14]. Typically, increasing the molecular conjugation 

length of DA’D framework has shown great potential in expanding the absorption and 

enhancing the PCEs. For example, by introducing the fused central framework from 

pentacyclic to heptacyclic, the bandgap of Y-series molecules is reduced from 1.45 eV 

to 1.32 eV and the efficiencies are increased from 10% to over 17% after the molecular 

optimization and device engineering [15-17]. Nonetheless, extending the core conjugation 

of DA’D does not always work. For instance, Jen et al. extended π-conjugation length 

of BP4T-4F (Y-series molecule with seven-membered-fused central unit) to form an 

eight-membered-fused A-DA’D-A molecule BP5T-4F [18]. Although BP5T-4F existed a 

lower energy loss, the absorption spectrum, as well as the photovoltaic efficiency, are 

not benefited from extending the conjugated length of the central unit. Moreover, the 

synthetic cost and solubility of fused-8-ring-based A-DA’D-A molecule also should be 

further considered.  

                                     

** Parts of this Chapter already appeared in Adv. Func. Mater., 2021,2101627. 
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Instead of extending the backbone conjugation of DA’D, there is also a growing trend 

to reduce it, for the take of reduced synthetic cost. Using the simple thiophene unit to 

replace the alkylated thieno[3,2-b]thiophene unit is the most intuitive approach to 

decrease the material cost of Y-series molecules. For example, Zou et.al. recently 

reported six-membered-fused A-DA’D-A molecule Y21 by unidirectional replacement 

strategy to modify the DA’D backbone, which showed a broad absorption range with 

the bandgap of 1.35 eV and a comparable PCE of 15.4% [19]. Despite the reduced 

materials cost and decent device performance, we found that the thermal stability of 

Y21-based OSCs underwent a dramatic degradation by prolonged heating. Generally, 

the device lifetime and performance of OSCs are highly dependent on their thermal 

transport behavior. In the photovoltaic process, solar energy is mostly absorbed by the 

photoactive layer. In the meantime, a large fraction of heat is generated and 

accumulated within the light absorber [20,21]. Due to the intrinsically low thermal 

conductivities of organic compounds, the trapped heat energy in the organic active layer 

could largely affect the morphological and electronic properties, leading to thermally 

induced device failure [22,23]. Despite numerous efforts that have been made in the 

understanding of thermal durability of OSCs, very few works report on intrinsic thermal 

properties of NFAs, especially in the emerging Y-series molecules [24-26].  

In this chapter, we focus on two benzotriazole-core-based Y-series molecules Y22 and 

Y18 (here named as BZ4F-6 and BZ4F-7). These two NFAs contain six- and seven–

membered-fused rings in their DA’D framework while maintaining the same end 

groups and side chains (fig. 5.1 (a)). By blending with the same donor polymer PM6, 

the PCE of BZ4F-6(15.14%) and BZ4F-7(16.17%) based OSCs showed no significant 

difference. However, we surprisingly found that fused rings extension from 6 to 7 

largely suppress structural disorder and enhances heat transfer properties in their solid 
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films. Such improved intrinsic solid state properties are out of expectation, as only the 

subtle central unit modulation in A-DA’D-A skeleton. To achieve a more 

comprehensive understanding of DA’D framework effects, another NFA denoted by 

BZ4F-5 containing five-numbered-fused rings was then introduced into the 

investigation. With this small library of Y-series compounds, we systemically explored 

the thermal energy transfer in their pristine solid films and BHJs, the effects of NFA 

geometry, molecular packing, structure ordering, thin-film crystallinity, and molecular 

arrangement on phonon thermal transport are all discussed. More importantly, we made 

a direct correlation between the thermal properties of the active layer and device 

lifetime, and demonstrated that extension of the central fused rings in Y-series acceptors 

improved the thermal durability of devices as revealed by both pristine Y-series 

acceptors based organic thin-film transistor (OTFT) and BHJ OSCs. These results 

indicated that subtle modulation in the DA’D framework of the Y-series NFAs can 

induce drastic changes in solid state properties and photovoltaic stability, gaining 

insights into the fundamental connection between the heat transfer properties and 

molecular structure.  
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5.2              Experimental Details 

 Materials and thin film fabrication: PM6 (Mn=49 kDa), PDINO, and 1-

chloronaphthalene (CN) were purchased from Solarmer Energy Inc., 1-Materials and 

TCI respectively. Chloroform and methanol solvents were purchased from Sigma 

Aldrich. BZ4F-5, BZ4F-6, and BZ4F-7 were developed by Prof. Zou’s group. Chemical 

structure of the three acceptors was shown in fig. 5.1 (b). 

  Fabrication and measurement of devices: The ITO glass substrates were cleaned 

sequentially under sonication with acetone, detergent, deionized water, and isopropyl 

alcohol and then dried at 60°C in a baking oven overnight, followed by a 4-min oxygen 

plasma treatment. For inverted devices, a ZnO electron transport layer was prepared by 

spin-coating at 5000 rpm 30 s from a ZnO precursor solution (diethyl zinc) on ITO 

substrates. The polymer PM6:acceptors (D:A = 1:1.5, 16 mg mL−1 in total) were 

dissolved in chloroform (CF) and 1-chloronaphthalene (CN) (0.5 %, v/v) and spin-cast 

at 3000 rpm for 30s onto the ZnO layer. The active layers were deposited as mentioned 

above; at a vacuum level of 1×10−7 Torr, a thin layer (10 nm) of MoO3 was then 

thermally deposited as the anode interlayer, followed by thermal deposition of 100 nm 

of Ag as the top electrode through a shadow mask. The active area of all devices was 

0.07 cm2. The J-V curves were measured on a computer-controlled Keithley 2400 

source meter under 1 sun, the AM 1.5 G spectra came from a class solar simulator 

(Enlitech, Taiwan), and the light intensity was 100 mWcm−2 as calibrated by a China 

General Certification Center certified reference monocrystal silicon cell (Enlitech). 

Before the J-V test, a physical mask with an aperture with precise area of 0.05 cm2 was 

used to define the device area. Device characterization was carried out under AM 1.5G 

irradiation with the intensity of 100 mW cm-2 (Oriel 67005, 500 W), calibrating by a 

standard silicon cell. J-V curves were recorded with a Keithley 236 digital source meter. 



114 
 

A xenon lamp with AM 1.5 filter was used as the white light source and the optical 

power was 100 mW cm-2. The EQE measurements of organic solar cells were 

performed by Stanford Systems model SR830 DSP lock-in amplifier coupled with 

WDG3 monochromator and 500 W xenon lamp. A calibrated silicon detector was used 

to determine the absolute photosensitivity at different wavelengths. All of these 

fabrications and characterizations were conducted in a glove box. 

  Electron-only device fabrication: The electron-only devices have a structure of 

ITO/Al/BHJ/PDINO/Al. A 50 nm Al layer was deposited on the ITO-based substrates 

to block the hole carriers. Then the BHJ layer was spin-coated on top of the ITO/Al 

substrate in the glovebox. The PDINO layer (0.5 mg mL−1 in total) was dissolved in 

methanol and spin-casted at 3500 rpm for 40s. The thickness of the BHJs was kept in 

the range of ~200–500 nm and 5 nm for the PDINO layer. The substrates with the BHJs 

were then transferred into a high vacuum chamber (~4 × 10-6 torr), depositing a 130 nm 

Al electrode through thermal evaporation. 

  TFT fabrication and measurement: The silicon wafers were cleaned by deionized 

water, acetone, and isopropanol for 15 min and then put the substrate under UV-

treatment for 13min. PPFS dissolved in methyl isobutyl keton（ 2,2’-Azobis (2-

methylpropionitrile), ethyl isobutyl ketone）(10mg/mL) was spun on the substrates at 

2000rmp for 60s. The thickness was about 30nm. The PM6:acceptor BHJ layers were 

spin-coated on the top after the PPFS films annealed at 120℃for 2 hours. The thickness 

of the active layer was about 110nm. After that the substrates with BHJs were then 

transferred into a high vacuum chamber (~4×10-6 torr) and evaporated a 1nm LiF and 

100nm Al, forming a channel length of 50µm. Measurements were done in a cryostat 

(Oxford Instruments, Optistat DN-V) at vacuum below 10-4 torr and dark conditions. 
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Keithley 236 source measurement unit together with a Xantrex XT 120-0.5 as the DC 

gate voltage supply. The saturation mobilities of OTFT were calculated from the 

transfer characteristics by: 𝐼𝐷𝑆 =
𝑊

2𝐿
𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇)

2 , where 𝐼𝐷𝑆 is the source drain 

current, W and L are the TFT channel width and length, 𝐶𝑖 is the gate dielectric 

capacitance per unit area, 𝜇𝑠𝑎𝑡 is the carrier mobility, 𝑉𝐺 is the gate voltage and 𝑉𝑇 is 

the threshold voltage. 

  Photothermal Deflection Spectroscopy (PDS): For the sample of the photothermal 

deflection spectroscopy PDS measurements, the BHJ thin films were spin-coated on 

cleaned 1mm thick quartz with the area 5×15mm2. Briefly, the sample under 

investigation is immersed in perfluorohexane (FC-72). Then it is irradiated by a 

modulated and focused pump beam (A 1 kW Xenon arc lamp (Newport) in combination 

with a 1/4m monochromator (Oriel).  The pump beam was modulated at 13 Hz by a 

mechanical chopper before irradiating the sample. A Uniphase HeNe laser as the probe 

beam was directed parallel to the sample surface. The PDS signal was detected by a 

quadrant cell (United Detector Technology) position sensor. The output signal of the 

detector was fed into a lock-in amplifier (Stanford Research, Model SR830) for phase-

sensitive measurements.  

  Scanning photothermal deflection (SPD): The sample for scanning photothermal 

deflection spectroscopy measurements were prepared on top of a cleaned 

15mm×5mm×1mm quartz with the drop-cast fabrication method. The sample was 

immersed into the perflurohexane deflection fluid in a cuvette. A 2 mW 632 nm He-Ne 

laser mounted on a fixed holder is used as the probe beam. A 5 mW 532 nm YAG laser 

diode mounted on a motorized linear translation stage is used as the pump beam. The 

motorized linear translation stage is controlled by a stepper motor driver, which is 

powered by a 5V 1A dc supply. By sending digital signals to the stepper motor driver, 
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one can adjust the separation between the probe beam and the pump beam. A convex 

lens with 20 cm focal length for focusing the pump beam onto sample is mounted on 

the pump beam holder, so that the lens can move together with the pump beam. The 

pump beam is modulated by a mechanical chopper with adjustable chopping frequency. 

A silicon PIN photo quadrant detector (TEMic) with 6V reverse bias is used to detect 

the deflection of the probe beam. The mechanical chopper and the position sensor are 

connected to the Standford Research SR830 lock-in amplifier. 

  Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) Measurement: GIWAXS 

measurements were carried out with a Xeuss 2.0 SAXS/WAXS laboratory beamline 

using a Cu X-ray source (8.05 keV, 1.54 A˚) and a Pilatus3R 300K detector. The 

incidence angle is 0.2o. All the samples were spin-coated on the silicon substrates with 

same solution recipes as for the device active layers. 

  Transmission Electron Microscopy (TEM) measurement: Samples for the TEM 

measurements were prepared by focused ion beam (FIB) with FEI Helios, Nanolab 600i, 

USA. High resolution TEM images were characterized using TEM, Tecnai G2 F20, 

USA. 
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Figure 5.1. (a) Schematic diagram of molecular skeleton of the A-DA’D-A type 

electron acceptor. (b) Chemical structures of BZ4F-5, BZ4F-6 (Y22), and BZ4F-7 

(Y18). (c) The optimized geometries are obtained by DFT calculations. To simplify 

calculations, the alkyl side chains were replaced by -CH3 groups. The DFT calculation 

was performed by Prof. Zou’s group at Central South University.  

 

 

 



118 
 

5.3              Results and Discussions 

5.3.1           Optical Properties and Photovoltaic Performance 

  Density Functional Theory (DFT) calculation based on B3LYP/6-31G(d,p) level by 

Gaussian 16 was first used to evaluate the molecular geometry of BZ4F-5, BZ4F-6, and 

BZ4F-7. To simplify the calculations, the alkyl side chains on the thiophene units and 

two nitrogen atoms were replaced by -CH3 groups. The optimized geometry 

conformation for three molecules was shown in fig. 5.1 (c) (both of the side and top 

views), in which the three acceptors with A-DA’D-A architecture all exhibit planar 

conjugations for their backbone. Our previous work [chapter 4] indicated that a high 

degree of unified conformation of A-DA’D-A molecular could be realized by both the 

intramolecular S-O interaction and the steric hindrance effects induced by alkyl side 

chains [27]. As evidenced by the DFT results, these rigid and planar backbone features 

are preserved in A-DA’D-A molecules with different DA’D frameworks. However, one 

difference that can be seen is that BZ4F-5 and BZ4F-7 adopt the so-called “C-shape 

conformation”, while an “S-shape conformation” is observed for BZ4F-6 because two 

IC-4F end units are not parallel aligned on the same side of the DA'D framework. For 

the traditional A-D-A type NFAs, tuning the conformation shows a considerable impact 

on the molecular packing, molecular interaction, and photovoltaic performance [28,29]. 

In the later discussion, we will show how the solid-state properties and device 

performance can be affected by the backbone engineering in the Y-series acceptors.  

  The optical absorption of BZ4F-5, BZ4F-6, and BZ4F-7 in chloroform (10-6 M) and 

solid thin films and the energy diagram for donor PM6 and three acceptor molecules 

are shown in fig. 5.2(a) and (b). BZ4F-5, BZ4F-6, and BZ4F-7 in solution show 

maximum absorption peaks at 726, 743, and 759nm. In thin films, the absorption 
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maximum of these three molecules is 797, 826, and 847 nm, respectively; in particular, 

BZ4F-7 film shows a more notable red-shift than BZ4F-5 and BZ4F-6 films, suggesting 

that BZ4F-7 exhibits more robust aggregation behavior. Compared to BZ4F-5, BZ4F-

6 exhibits red-shift absorption markedly, while BZ4F-7 exhibits further red-shift 

absorption. Estimated from the absorption edge, the optical band gaps (Eg) of BZ4F-5, 

BZ4F-6, and BZ4F-7 are 1.53, 1.42, and 1.32 eV. When the core rings increase, the 

highest occupied molecular orbital (HOMO) level upshifts due to the central core's 

stronger electron-donating ability.  

 

Figure 5.2 (a) UV-vis absorption spectra of three molecules in thin films and in 

solutions. (b) Energy levels configuration of the photoactive materials in this work. 

  The characteristic current density-voltage (J-V) curves of best-performing devices are 

shown in fig. 5.3 (a). And EQE spectra are provided in fig. 5.3 (b) are employed as a 

calibration for Jsc to test the credibility of PCEs. The related parameters are outlined 

in Table 5.1. Blending with the same donor polymer PM6, as a reference, PM6:BZ4F-

5 system with an optimized condition showed a relatively low PCE of 12.86%. By 

comparison, PM6:BZ4F-6 system showed the higher performance with a Voc of 0.86 V, 

Jsc of 23.95 mA cm-2, FF of 73.51%, and PCE of 15.14%. Compared with the 
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PM6:BZ4F-6 system, the PM6:BZ4F-7-based devices under the optimized conditions 

exhibited a lower Voc of 0.84 V, while produced a higher FF of 75.21 % and Jsc of 

25.58mA cm-2, and thus results in a slightly higher PCE of 16.17%. It appears that there 

is no significant difference in the PCE of BZ4F-6 and BZ4F-7 based devices due to a 

trade-off between Voc and Jsc. The photovoltaic device exhibited a gradually 

enhanced Jsc and FF along with the extension of the fused central unit from five to 

seven-membered rings. It is known that the Jsc can be improved by broadening the 

photoresponse range of the active layer, which agrees well with the steadily red-shift 

absorption observed in UV-Vis-NIR spectrum. The enhanced JSC and FF are also related 

to the more favorable morphology and the ideal charge transport behavior, which will 

be further discussed below. 
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Figure 5.3 (a) J-V characteristics of the best OSCs under the illumination of AM 1.5G, 

100mW cm-2 and, (b) the corresponding EQE spectra of the best devices based on 

PM6:BZ4F-5, PM6:BZ4F-6, and PM6:BZ4F-7. 

Table 5.1 Photovoltaic performance of the OSCs based on BZ4F-5, BZ4F-6, and 

BZ4F-7 (the average values for 15 devices in the brackets), under the illumination of 

AM1.5G, 100mWcm-2. 

Devices 

VOC 

(V) 

JSC 

(mA cm-2) 

EQE 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

PM6:BZ4F-5 0.84 22.01  21.88 69.58  12.86 (12.32±0.53) 

PM6:BZ4F-6 0.86 23.95  23.66 73.51 15.14 (14.95±0.55) 

PM6:BZ4F-7 0.84 25.58  25.44 75.21  16.17 (16.04±0.62) 
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5.3.2             Electronic disorder characterization and analysis 

  To elucidate the underlying mechanism causing the Jsc and FF variation of the OSCs, 

we first employed the highly sensitive photothermal deflection spectroscopy (PDS) 

technique to investigate the absorption properties of the organic thin films. PDS 

measurement not only contributes to accurate bandgap (Eg) assessment but is also 

highly sensitive to the sub-bandgap absorption. The plot of the absorption coefficient 

versus photon energy of the as-prepared pristine BZ4F-5, BZ4F-6, and BZ4F-7 film is 

shown in fig. 5.4 (a). Their absorption spectra exhibit sharp and prominent band edges 

with Eg of 1.32 eV, 1.41eV, and 1.51eV, respectively. These results are consistent with 

the UV-Vis spectra absorption data in fig. 5.2. Above the band edge, the absorption 

coefficients of three pristine acceptor films are larger than 105 cm-1, which are in good 

agreement with previous reports. From the absorption just below Eg, the Urbach energy 

(Eu) can be extracted using the equation:  

α = 𝛼0𝑒𝑥𝑝 [
ℎ𝑣−𝐸𝑔

𝐸𝑈
]    ℎ𝑣 < 𝐸𝑔   (5.1) 

In equation 5.1, 𝛼0 is the absorption coefficient at the bandgap energy Eg, EU  represents 

the Urbach energy, h  is the Planck’s content, and 𝑣 is the incident photon frequency [30]. 

The magnitude of EU is related to the energy spread of the localized tail states near the 

band edge of a semiconductor film. The higher is the EU, the larger is the electronic 

disorder within the semiconductor. Thus, EU can be regarded as an index of the quality 

of the organic thin-film absorbers, and it can be correlated with the photovoltaic 

parameters and PV performance. The EU of the BZ4F-5, BZ4F-6, and BZ4F-7 based 

BHJ blending films are extracted using eq. 5.1 and shown in fig. 5.4 (b). As shown in 

Table 5.2, EU decreases gradually from 31.2 to 25.2, and 22.9 meV for BZ4F-5, BZ4F-

6, and BZ4F-7 based BHJ films, respectively. 
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Figure 5.4 The absorption spectra derived from PDS technique of (a) the pristine 

BZ4F-5, BZ4F-6, and BZ4F-7 thin films; and (b) the PM6:BZ4F-5, PM6:BZ4F-5, and 

BZ4F-7 BHJ blend films. For each spectrum, a linear fit (solid line) on the PDS 

spectrum is used to extract the Urbach energy Eu with equation 5.1. The vertical dashed 

line indicates the optical bandgap Eg. 
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  The ranking of electronic disorder for three BHJs can be further confirmed by the 

energetic disorder (σe) analysis investigated by temperature-dependent J-V 

measurements. The J-V data for electron mobility at room temperature can be found in 

fig. 5.5. The electron mobilities of the BHJs can be extracted by the SCLC equation: 

                                           𝐽𝑆𝐶𝐿𝑑 =
9

8
휀0휀𝑟𝜇0exp (0.89𝛽√𝐹)𝐹

2     (5.2) 

where 𝐽𝑆𝐶𝐿 is the space-charged-limited current density, d is the thickness of the BHJ 

film, 휀0 is the permittivity of a vacuum, 휀𝑟 is the relative permittivity of the organic 

materials, 𝜇0 is the zero-filed mobility, 𝛽 is the field-dependent coefficient and F is the 

average electrical field. It can be seen that the PM6: acceptor based BHJ has an 

enhanced electron current when blended with the Y-series acceptor with the longer 

central fused rings. The electron mobility (µe) of PM6:BZ4F-7 blend is 3.8 × 10-4 cm2 

V-1 s-1, which is two times larger than that (1.9 × 10-4 cm2 V-1 s-1) of the PM6:BZ4F-6 

and nearly one order higher than that (1.0 × 10-5 cm2 V-1s-1) of PM6:BZ4F-5 (Table 

5.2). 

 

 

   

 

 

 

Figure 5.5 J-V characteristic of PM6-based BHJ films with different acceptors at room 

temperature in a semi-log plot for electron mobilities. 
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  To further investigate the detailed transport properties of the BHJ films with different 

electron acceptors, we use Gaussian Disorder Model (GDM) to analyze the temperature 

dependent zero-field electron mobilities (fig. 5.6). According to the GDM, the electron 

mobilities are related to temperature by 

                                                             𝜇0 = 𝜇∞ 𝑒𝑥𝑝[ − (
2𝜎

3𝑘𝑇
)2]              (5.3) 

Where 𝜇0 is the zero-field mobility, 𝜇∞ the high-temperature-limited carrier mobility, k

the Boltzmann constant, σ the energetic disorder. Figure 5.7 shows zero-field electron 

mobilities of BHJ films versus 1/T2. The linear dependence of  𝜇0 versus 1/T2 agree well 

with GDM Equation. σe can be extracted. The extracted σe from Figure 5.7 are 

summarized in Table 5.2. The σe for three PM6: acceptor BHJ films are in the order: 

BZ4F-5 (64.2 meV) > BZ4F-6 (58.8 meV) > BZ4F-7 (55.8 meV). The ranking of σe is 

consistent with the electronic disorder results obtained from the PDS measurement.  
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Figure 5.6 SCLC plots under different temperatures of the (a) PM6:BAZ4F-5, (b) 

PM6:BAZ4F-6, and (c) PM6:BAZ4F-7 BHJ film. Electron energetic disorder σ and 

high-temperature-limited mobility μ∞ can be extracted by analyzing the temperature-

dependent mobilities data by following eq. 5.3. 
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Figure 5.7 Electron zero-field mobilities versus the square of reciprocal temperature. 

Solid lines are the best linear fits to the experimental data. Energetic disorder 𝜎  for 

electron transport can be extracted from the slopes and y-intercept of the data plots. 

Table 5.2 Electron mobilities (µe), energetic disorders (σ), Urbach energies (EU), 

bandgap (Eg) of BZ4F-5, BZ4F-6, and BZ4F-7 based neat film and their BHJ films 

blending with PM6 donor polymer. 

Film 

µe 

(10-4 cm2V-1s-1) 

σe 

(meV) 

Eg 

(eV) 

EU 

(meV) 

BZ4F-5 - - 1.51 29.7 

BZ4F-6 - - 1.41 26.7 

BZ4F-7 - - 1.32 22.7 

PM6:BZ4F-5           0.1
 64.2 1.52 31.2 

PM6:BZ4F-6 1.9 58.8 1.42 25.6 

PM6:BZ4F-7 3.8 55.8 1.34 22.9 
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  Besides, the Urbach energy and energetic disorder results also help to explain the 

smaller than expected Voc in the BZ4F-5 based OSC device. Although the BZ4F-5 

molecule has the largest bandgap among three Y-series acceptors, the broadening of the 

LUMO in BZ4F-5 is much larger and the effective energy offset in its BHJ is smaller. 

Therefore, the OSC device based on BZ4F-5 acceptor suffers from the largest σ 

induced Voc loss [31] and thus VOC decreases compared to the more ordered material like 

BZ4F-6 and BZ4F-7. Moreover, the sub-bandgap absorption for pristine acceptor films 

indicates that the difference of EU in BHJs originated mainly from the acceptor 

materials.  In general, the PDS results demonstrate that seven-membered-fused acceptor 

BZ4F-7 exhibits the suppressed Urbach energy and less localized states.  

Moreover, these solid film absorbers containing Y-series acceptors possess extremely 

low Urbach energies, which are close to or less than the thermal energy (~26meV) at 

room temperature. Previously, Cody et al. proposed a phenomenological model [32] 

which accounts for the static disorder contribution to the Urbach energy: 

                                               𝐸𝑈(T) = 𝐸𝑈(0) + 
 2𝐸𝑈(0) 

exp(𝜃𝐸/𝑇)−1
               (5.4)    

Here, T is the absolute sample temperature, and 𝜃𝐸  is the Einstein phonon temperature. 

The second term in equation (2) represent the dynamic disorder; it describes the 

thermally induced phonon contribution to the measured value of the EU. The first term 

 𝐸𝑈(0) is temperature-independent and can be defined as the static disorder; its value 

scales with the intrinsic structural disorder of the materials [33]. Since EU for BZ4F-5, 

BZ4F-6, and BZ4F-7 based films were acquired at room temperature, the suppressed 

EU should be attributed to the reduction of the structural disorder as the central fused 

rings of the acceptor increased. Besides, the overall EU for BZ4F-6 and BZ4F-7 is 

smaller than the thermal energy indicates that their nearly eliminated static disorder. 
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As discussed further below, the reduction of the structural disorder in three acceptors 

may originate from the improved packing ordering. By combining the analysis of the 

optical and electrical measurements, we found that the A-DA’D-A acceptor with a 

longer conjugation length favors better electron transport, reduced electron disorder, 

and enhanced PCEs of the BHJ cells. 
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5.3.3             Effect of Backbone Framework on Thermal transfer properties 

  Next, we investigate how heat transfer properties are influenced by the extension of 

the backbone conjugation of the A-DA’D-A type NFAs. Thermal management is of 

fundamental importance especially for organic semiconductors because they govern the 

temperature rise and the heat flow of a semiconductor device [34,35]. Here, we employed 

the scanning photothermal deflection (SPD) technique to evaluate the thermal 

diffusivity D in the pristine acceptors and BHJ thin films. SPD is a variant of 

photothermal deflection spectroscopy and is a high accuracy optical pump-probe 

technique to measure thermal diffusion in solids, organic thin films, and inorganic 

crystals [31]. Briefly, a modulated focused laser beam is irradiated on a thin film sample 

immersed in a transparent deflection fluid. The absorbed photon energy creates a 

temperature rise in its neighboring (the deflection fluid). By scanning a probe beam 

across the focused pump beam just above the sample, the surface temperature profile 

and hence heat diffusivity of the sample can be extracted. A typical thermal wave signal 

probed by SPD technique was shown in fig. 5.8 (a). At the center of pump beam 

irradiation, the SPD signal is the largest. Away from the irradiating central point, the 

surface temperature drops and reaches the two minima (dn) symmetrically on either side. 

Figure 5.8 (b) shows the selected raw SPD signals of BZ4F-7, BZ4F-6, and BZ4F-5 

pristine acceptor films and their corresponding BHJ films at the same pump beam 

modulating frequency (f). As indicated in fig. 5.8 (b), the larger separation between the 

dn (BZ4F-7> BZ4F-6 > BZ4F-5) implies that the thermal wave can diffuse further away 

in the corresponding thin-film specimen. The dn at the different f can be used to deduce 

the D using the equation: [36]                                               

                                                          𝑑𝑛 = √𝜋𝐷/𝑓                        (5.5) 
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Figure 5.9 (a) displays the plot of dn vs 1/√𝑓 for the BHJ blend and neat NFAs thin 

films. For each set of the data, the y-intercept has been offsetted to emphasize the 

variation of dn. From equation 5.5, the slope of the plot dn vs 1/√𝑓 is √𝜋𝐷, and the 

extracted D values are shown in Table 5.3. For the pristine films, the PM6 possesses 

the largest D of 2.64 mm2 s-1 due to its long chain-extended morphology [31]. Among 

the three NFAs, the BZ4F-5 shows the lowest D (0.33 mm2 s-1), followed by BZ4F-6 

(D =1.26 mm2 s-1), and the greatest is obtained in BZ4F-7 (D =2.33 mm2 s-1). Besides 

pristine acceptors, we also investigated their BHJ blends with the same D: A blending 

ratio of 1:1.2. The thermal diffusivities of BHJ films are slightly higher (10% larger) 

compared to the neat film samples while the variation tendency of D value still 

maintains (BZ4F-7 > BZ4F-6 > BZ4F-5).  
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Figure 5.8 (a) A typical thermal wave signal probed by Scanning photothermal 

deflection (SPD) technique. The distance between the two minima (dn) indicates the 

thermal diffusion length. (b) SPD signals of BZ4F-7, BZ4F-6, and BZ4F-5 based 

pristine acceptor films and BHJ films. The SPD signals for three systems are illustrated 

at the same pump beam frequency f for comparison. The horizontal dashed lines trace 

the minima (dn) in the SPD signal. The larger separation between two dn in the SPD 

signal indicates the thermal wave can diffuse further away.  
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Figure 5.9 (a) Plots of the normalized dn vs 1/√𝑓 for all thin film sample films. The 

data points have been offset to zero y-intercepts for clarity. The best linear is given by 

solid line and the slope can be used to extract the thermal diffusivity (D) from equation 

(5.5). (b) Bar chart of thermal diffusivities of all investigated samples.  
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In disordered organic semiconductors, lattice vibrations (phonons) are the 

predominant factor for total thermal transfer behavior. Further insights about phonon 

transport in solid films can be revealed using the kinetic theory: 𝐷 =
1

3
 𝑣𝑙, where v is 

the speed of sound and l is phonon mean free path [37]. The speed of sound for polymeric 

based organic semiconductors has been widely reported and is in the range of 500 to 

2000 m s-1 [38]. Here, if we assume the average v in PM6: acceptor BHJ system is 1000 

m s-1. The resulting l for the neat BZ4F-5, BZ4F-6, and BZ4F-7 are around 0.9, 3.8, 

and 4.9 nm, respectively. After blending with the PM6, the l for three BHJ systems 

becomes slightly longer due to the highly polycrystalline nature and chain-oriented 

structure of the involved polymer [31,32]. Using these results, we can generalize how 

thermal transport in Y series acceptor based solid films: (i) NFAs containing extend 

fused rings enjoy longer phonon mean free path and higher thermal diffusivities; (ii) 

the heat transfer of their BHJ blend depends greatly on the thermal diffusion property 

of the acceptor compound (The larger D value in the acceptor, the better heat transfer 

in its BHJ).  

  More importantly, we found that phonon propagation in “Y” acceptor based films is 

superior to other photovoltaic systems. Figure 5.10 shows the plot of dn vs 1/√𝑓 for 

Y-series solid films and other three representative photovoltaic systems bearing 

polymeric acceptor (pristine N2200, PBDB-T: N2200 blend film), small molecule 

acceptor (pristine ITM, PBDB-T: ITM blend film), and fullerene acceptor (pristine 

PCBM, PTB7-Th: PCBM blend film). Detailed value can be found in Table 5.3. And a 

plot of l vs EU for all the above systems is given in fig. 5.11. Y-series acceptors based 

films possess smaller EU values, at the same time, the l are generally longer. The 

extended phonon propagation length should be attributed to their smaller or even 

eliminated structural disorder mentioned above. In contrast, for other acceptor systems, 
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the lack of long-range structural ordering may severely localize the vibrational modes, 

thereby leading to excess phonon scattering and poor heat diffusion.[39] Interestingly, 

we also observe, for the Y acceptor, a relatively small change in the D (~15% difference) 

as well the l when going from a pristine acceptor to its BHJ. On the other hand, other 

electron acceptor systems suffer from a relatively large change in l (45%, 62%, and 

75% for N2200, ITM, and PCBM based systems). This smaller change in l indicates 

that the polycrystalline structure in individual neat donor and acceptor almost is largely 

preserved upon blending them together, while the relatively poor compatibility between 

the D/A may induce the larger difference. As discussed further below, we will show that 

the distinct heat transfer behavior within A-DA’D-A acceptor based solid film should 

be fundamentally driven by both the molecular geometry and molecule stacking.   
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Figure 5.10 Plots of the dn vs 1/√𝑓 for Y-series based and other three representative 

photovoltaic systems including polymeric acceptor based (neat N2200 and PBDB-T: 

N2200), small molecule acceptor based (neat ITM and PBDB-T: ITM), and fullerene 

acceptor based (neat PCBM and PTB7-Th: PCBM). 

Table 5.3 Thermal diffusivites (D) and phonon mean free path (𝑙) of BZ4F-5, BZ4F-6, 

BZ4F-7, N2200, ITM, and PCBM based neat film and their BHJ films blending with 

the different donor polymer. 

Pristine  

Film 

D  

(meV) 

l 

(nm) 

BHJ  

films 

D  

(meV) 

l 

(nm) 

BZ4F-5 0.33 0.99 PM6:BZ4F-5 0.59 1.77 

BZ4F-6 1.26 3.78 PM6:BZ4F-6 1.45 4.35 

BZ4F-7 2.13 6.69 PM6:BZ4F-7 2.24 6.72 

N2200 0.89 2.67 PBDB-T: N2200 1.6 4.8 

ITM 0.64 1.92 PBDB-T: ITM 0.24 0.75 

PCBM - - PTB7-Th: PCBM 0.25 0.75 
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Figure 5.11 The plot of l vs EU for Y-series acceptor based films and the other three 

photovoltaic systems. The thermal diffusivity as well the l for pristine PCBM is below 

the detection limit for the current SPD set-up (D ≥ 0.2mm2s-1) and is taken to be zero. 
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  5.3.4             Morphological characterization and analysis 

  The molecular packing order and thin film crystallinity were characterized by the 

incidence wide-angle X-ray scattering (GIWAXS) technique [40]. The two-dimensional 

(2D) GIWAXS pattern and intensity profiles of neat PM6 film are shown in fig. 5.12 

(a) and (b). The neat PM6 exhibits bimodal but a predominant face-on orientation with 

the lamellar peak at qr ≈ 0.31Å−1 and the π-π stacking peak at qz ≈ 1.70Å−1, consistent 

with previous reports [10]. 

 

Figure. 5.12 (a) GIWAXS pattern of PM6 pristine film (b) Corresponding intensity 

profiles along in plane (black dot lines) and out of plane (red solid lines) direction of 

PM6 film. 

   Figure. 5.13 and 5.14 show the 2D-GIWAXS pattern of the pristine BZ4F-5, BZ4F-

6, and BZ4F-7 films and three PM6-based BHJ films and their corresponding intensity 

profiles. All the three pure BZ4F-5, BZ4F-6, and BZ4F-7 films exhibit dominating 

face-on orientation with a strong π-π stacking peak at qz ≈ 1.75Å−1. The possible 

backbone peak for BZ4F-7, BZ4F-6, and BZ4F-5 are observed at qr ≈ 0.43Å−1 (d = 16.9 
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Å), 0.39Å−1 (d = 15.9Å) and 0.37Å−1 (d = 14.6 Å), respectively. Those backbone peaks 

in Y-series acceptors originate mainly from the end group π-π stacking [4,21]. For the 

BHJs, they also show a pronounced face-on orientation with a strong π-π peak at qz ≈ 

1.75Å−1, and the lamellar peak at qz ≈ 0.30Å−1 can be assigned to the lamellar stacking 

of donor PM6. The backbone scattering peaks at qr ≈ 0.44Å−1(d = 15.9 Å), 0.41Å−1(d = 

15.1Å), and 0.39Å−1(d = 14.1Å) maintained in three BHJ films, implying the decent 

molecular packing of acceptor in the blend. Moreover, an overall enhancement in the 

intensity of the scattering peaks can also be found in the acceptor containing more fused 

rings, indicating stronger crystallinity and ordering.  

 

 



140 
 

 

Figure 5.13 (a) GIWAXS patterns of BZ4F-5, BZ4F-6, and BZ4F-7 pristine films. (b) 

Corresponding intensity profiles along in-plane (black lines) and out of plane (red lines) 

direction.  
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Figure 5.14 (a) GIWAXS patterns of PM6: BZ4F-5, PM6:  BZ4F-6, and PM6: BZ4F-

7 BHJ films. (b) Corresponding intensity profiles along in-plane (black lines) and out 

of plane (red lines) direction.  
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  Next, we made a correlation between the thermal diffusion and the molecular packing 

in solid thin film. As mentioned above, the kinetic theory can provide a connection 

between the heat transfer properties in macro scale and the solid film microstructure in 

nanoscale. The D value is therefore treated as a measure of how well adjacent molecules 

arranged with respect to each other. The larger is D and the longer is l, the shorter is the 

interaction distance between adjacent molecules. Figure 5.15 (a) shows a plot of D vs 

dπ-π for pristine acceptor films and BHJs. A clear negative linear relation between 

thermal diffusivity and end group π-π stacking distance can be observed. This illustrates 

clearly how heat transport can be correlated to the molecule stacking in NFAs. By 

combining GIWAXS and SPD results, as illustrated in fig. 5.15 (b), the extended 

molecule geometry in A-DA’D-A type NFA architecture facilitates the intramolecular 

phonon transfer. Together with the formation of more favorable stacking upon 

increasing central core rings from 5 to 7, the more efficient heat diffusion takes place 

in the acceptor with longer core rings. Transmission electron microscopy (TEM) 

measurement was employed to further reveal microstructure details in the BHJ films. 

The samples were prepared by focused ion beam (FIB), the typical TEM images of 

PM6 based BHJs containing BZ4F-5, BZ4F-6, and BZ4F-7 acceptor are respectively 

displayed in fig. 5.16 (a). The TEM images showed that all three BHJs exhibited well-

mixed morphologies and the invariant nanoscale heterojunction architecture, 

suggesting the excellent compatibility of used materials [41-43]. Such good compatibility 

for all three Y-acceptor based BHJ blends is consistent with the previous report for the 

PM6: Y6 system [5]. Moreover, this small-scale phase separation may indicate that those 

stacked chain-like A-DA’D-A molecules are in favor of docking to the PM6 polymer 

chain by the arrangement of the D/A end group interaction at the PM6/acceptor 

interface, as illustrated in fig. 5.16 (b). This ordered molecular arrangement offers a bi-
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continuous interpenetrating network for both charge transport and phonon transfer, 

while the A-DA’D-A acceptor with extending molecule geometry and compact packing 

enjoys the longer phonon mean free path. Overall, (i) good compatibility between donor 

and acceptor and (ii) ordered molecule arrangement at the BHJ interface helped to 

explain why the thermal diffusivity value of three pristine Y-series acceptors are close 

to those of their BHJ blending films, while the A-DA’D-A acceptor with extending 

molecule geometry and compact packing enjoys the longer phonon mean free path. 
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Figure 5.15 (a) Correlation between terminal group π-π stacking distance dπ-π and 

thermal diffusivities (D) of pristine acceptors and BHJ films. (b) Schematic of phonon 

transfer and molecular packing of BZ4F-5, BZ4F-6, and BZ4F-7 in the pristine film.  
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Figure 5.16 (a) TEM images of PM6:BZ4F-5, PM6:BZ4F-6, and PM6:BZ4F-7 BHJ 

films under the scale bar of 50nm and 5nm. (b) Schematic of phonon transfer pathways 

at PM6: acceptor BHJ interface for three systems. The small domain size and small-

scale phase separation offer a bi-continuous interpenetrating network for both charge 

transport and phonon transfer, while the A-DA’D-A acceptor (like BZ4F-7) with 

extending molecule geometry and compact packing allows a longer phonon mean free 

path. 
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    5.3.5             Thermal Stability Analysis of Organic Semiconductor Devices 

  To probe the correlation between the thermal properties and device stability, we firstly 

fabricate the n-type bottom-gate-top contact organic thin-film transistor (OTFT) by 

using the BZ4F-5, BZ4F-6, and BZ4F-7 pristine acceptor as the active layer [fig. 5.19 

(a)]. All the TFT devices were placed in the cryostat with a pressure of less than 10-3 

Torr to avoid degradation caused by oxygen and moisture, and all samples were heated 

in situ to 400K for 30 hours for thermal durability measurement. The detailed 

characteristics for TFT devices were given in fig. 5.17. The normalized electron 

mobilities extracted from the transfer curves and plotted versus heating time shown in 

fig. 5.19 (b). Notably, the BZ4F-7 based TFT shows the best performance after 30 hrs 

heating, the field-effect mobility maintained more than 80% of its initial value. The 

value for BZ4F-6 and BZ4F-5 under the same conditions declined to less than 50% and 

10%. These results are in line with the heat transfer studies of three pristine acceptor 

films. 

Figure. 5.17 Transfer characteristics of n-type bottom-gate-top contact organic thin 

film transistor containing pristine BZ4F-7, BZ4F-6, and BZ4F-5 active layer annealing 
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in the cryostat with a pressure of less than 10-3 Torr. All samples were in situ heated to 

400K for thermal durability measurement. 

   Moreover, for the BHJ OSCs, when photo-absorption predominantly occurs within 

the photoactive layer, heat is trapped inside, and mostly dissipated from the active layer. 

Therefore, the study of thermal transport properties of the bulk-heterojunction thin film 

would give direct relevance to device thermal stability. Along this line of thought, we 

further carried out the thermal stability measurement of the PM6:acceptor based BHJ 

OSCs [fig. 5.19 (c)]. All the devices were stored and heated in a glove box without 

encapsulation. The OSCs parameter Jsc, FF, Voc, and PCEs versus heating time was 

shown in fig. 5.18.  The Normalized PCE changing with the heating time was shown in 

fig. 5.19 (d). After 30hrs of heating at 80 ℃, the PM6:BZ4F-7 device still exhibits a 

PCE of nearly ~10%, equivalent to ~60% of its initial PCE. In contrast, under the same 

condition, the BZ4F-6 and BZ4F-5 based devices underwent more dramatic 

degradation, with PCEs dropping to ~7% and 4%, equivalent to ~50% and 35% of their 

original values. Moreover, we also evaluate the thermal durability of three acceptor 

based OSC devices at the other heating temperature. We have fabricated the solar cell 

devices by using three acceptors based BHJ blends and tested their thermal durability 

after 10hrs of heating at 60 ℃. Notably, after 60 ℃ heating over 10 hrs, the BZ4F-7 

based OSC still shows the best performance, the PCE maintained over 80% of its initial 

value. The value for BZ4F-6 and BZ4F-5 under the same conditions declined to about 

78% and 58%. Generally, thermal durability of the three OSCs systems follows a 

similar trend by using different heating times and temperatures. As depicted in fig. 5.19 

(e), the morphological studies for BHJ films imply that the PM6:BZ4F-7 BHJ exhibits 

a stronger end-to-end stacking and higher crystallinity. The superior morphology and 

optimized molecule geometry give rise to a larger D and enables a better spread of 
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phonons to relieves the thermal stress of the BHJ OSCs. In contrast, the D value is more 

than one order lower for PM6:BZ4F-5. Heat trapping under thermal stress would be 

more severe, leading to rapid degradation of the BHJ cell derived from PM6: BZ4F-5. 

We, therefore, see that besides the better thermal durability of the neat film TFT device, 

the BHJ solar cell containing the NFAs with a longer conjugation length also exhibits 

enhanced thermal stability. 
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Figure. 5.18 OPV photovoltaic parameters of PM6:BZ4F-5, PM6:BZ4F-6, and 

PM6:BZ4F-7 BHJ solar cells at 80℃ thermal aging in the glovebox without 

encapsulation. 
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Figure 5.19 a) Schematic diagram of n-type TFT device structure. b) Normalized 

saturated electron mobilities for the three TFT devices by using BZ4F-5, BZ4F-6, and 

BZ4F-7 as the active layer was plotted against heating time. All TFT devices were 

housed inside a cryostat with a pressure of less than 10-3 Torr during measurements. c) 

Schematic diagram of BHJ OSCs device structure. d) Normalized PCE for the three 

OSCs was plotted against heating time. All the devices were stored and heated in a 

glove box to 80℃ without encapsulation. The J-V measurements were carried out in 

the ambient atmosphere. e) Schematic of phonon transfer in PM6: BZ4F-5 and PM6: 

BZ4F-7 BHJ film. The superior morphology and molecule geometry produce a larger 

D and enable a better spread of phonons to relieves the thermal stress of the BHJ OSCs. 
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5.4              Summary 

  In this chapter, we comprehensively investigate, for the first time, heat energy transfer 

in a family of structure-related Y-series molecules and examine their impacts on device 

performance and stability. We focus on three benzotriazole-core-based A-DA’D-A type 

NFAs with different core sizes while maintaining the same end groups and side chains. 

The Y-series acceptors denoted by BZ4F-5, BZ4F-6, and BZ4F-7 contain, respectively, 

five, six, and seven-membered-fused rings in their DA’D framework. With these three 

acceptors, we evaluated the π-conjugation length effects on their solid state properties, 

and photovoltaic performance. Generally, we found that extension of DA’D framework 

leads to reduced bandgaps, broadened photoresponse range, suppressed electron 

disorder. By blending with the same donor polymer PM6, the PCE of their BHJ OSC is 

boosted from 12% to 16%.  

  Furthermore, we employed scanning photothermal deflection spectroscopy to 

investigate the thermal energy transfer in solid thin films. For the neat NFAs, the 

thermal diffusivity (D) rises linearly upon increasing the acceptor central rings from 

five to seven. And for their BHJ films, the D values are similar to those of their neat 

acceptor compounds. GIWAXS studies indicated that the stronger end group stacking 

between the adjacent molecule and the enhanced backbone ordering leads to the 

different thermal transport properties in three pristine acceptor films. The comparable 

thermal diffusivity value between the neat NFAs and their BHJs can be attributed to the 

good compatibility of the donor and the acceptor materials and the ordered molecular 

arrangement at the D/A interface. Finally, we showed that BZ4F-7 TFT and BHJ cell 

possessing the highest thermal diffusivity enjoys a longer stability, while the BZ4F-5 

and BZ4F-6F based devices exhibited dramatic degradation under the continuous 

thermal stress. This contribution offers new insights as well as a full picture of thermal 
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transfer properties in the emerging Y-series molecules, which will help to achieve high 

performance and thermally stable OSCs in further research.  
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5.5   Appendix: Beam size effects in SPD measurement 

From the thermal wave single probed by SPD, dn at the different chopper frequency f 

can be obtained. Then, plot the separation dn versus√1/𝑓, the thermal diffusivity of a 

material can be extracted by the linear fitting of the plot by following equation 2.30. 

For the thin film sample with low thermal diffusivity, the small dn arises from a small 

thermal wavelength single and thus trapped heat near the excitation central of pump 

beam. This is the beam size effect. Basically, the lower the thermal diffusivity of the 

material, the stronger the beam size effect.  As illustrated in the upper plot of fig. A.1, 

PM6: BZ4F-5 BHJ film, possessing smaller thermal diffusivity, was affected by a 

stronger beam size effect and therefore a larger y-intercept. As D is only related to the 

slope of the dn versus√1/𝑓, the y-intercept (from linear fit) has been subtracted in data 

analysis to highlight the slope variation. It is worth noting that the beam size effect can 

be minimized or eliminated if the beam waist can be focused to be smaller, which can 

be considered in future experimental work.  
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Figure A.1 Illustration of beam size effect during SPD measurement by using the 

current setup. 
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Chapter 6         Conclusion and Outlook 

 

   This thesis focuses on the emerging “Y-series” NFAs, presents the optical and 

electrical characterization of these high-performance OSCs materials, and correlated 

the fundamental solid state properties with their molecule structure and OSCs 

performance. 

   In Chapter 4, We first focus on two A-DA’D-A type “Y” acceptors incorporating the 

same backbone skeleton and end groups but without (Y3) or with (Y18) alkyl side 

chains, and examine the alkyl side chains effects on their optoelectronic properties and 

device performance. First, we characterize the charge transport properties of the two 

BHJs using admittance spectroscopy (AS). Significantly higher electron mobility is 

achieved in the PM6:Y18 BHJ due to the efficient electron conduction pathways. 

Besides, the scanning photothermal deflection (SPD) technique was used to measure 

the heat diffusivities (D) in the Y3- and the Y18-based blend film. After the introduction 

of the alkyl side chains, the thermal diffusivity of the Y18-based blend film appears up 

to 2 orders of magnitude higher than the Y3. Furthermore, from a comparison of the 

Urbach energy measured by photothermal deflection spectroscopy (PDS), we 

established the relationship between the structural disorder and the tail state absorption 

in organic heterojunctions. The reduced structural disorder results in an extremely low 

Urbach energy of less than 23 meV in the Y18-based neat film and the BHJ film. This 

Urbach energy is amongst the lowest reported in the literature for solution processable 

OSCs materials. From the grazing-incidence wide-angle X-ray scattering (GIWAXS) 

measurement, compared with the Y3, Y18-based films achieve stronger intermolecular 

π-π stacking and higher crystallinity. Ultimately, we provide a molecular model to 

correlate the contrasting solid state properties and morphology with the conformational 
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variations in these Y series acceptors.  

  With the knowledge of the conformational effects of the molecules on the thermal 

properties, in Chapter 5, we comprehensively investigate heat energy transfer in a 

family of structure-related Y-series molecules and examine their impacts on device 

performance and stability. We focus on three benzotriazole-core-based A-DA’D-A type 

NFAs with different core sizes while maintaining the same end groups and side chains. 

The Y-series acceptors denoted by BZ4F-5, BZ4F-6, and BZ4F-7 contain, respectively, 

five, six, and seven-membered-fused rings in their DA’D framework. With these three 

acceptors, we evaluated the π-conjugation length effects on their solid state properties, 

and photovoltaic performance. Generally, we found that extension of DA’D framework 

leads to reduced bandgaps, broadened photoresponse range, suppressed electron 

disorder. By blending with the same donor polymer PM6, the PCE of their BHJ OSC is 

boosted from 12% to 16%. Furthermore, we employed the SPD technique to investigate 

the thermal energy transfer in solid thin films. For the neat NFAs, the thermal diffusivity 

(D) rises linearly upon increasing the acceptor central rings from five to seven. And for 

their BHJ films, the D values are similar to those of their neat acceptor compounds. 

GIWAXS studies indicated that the stronger end group stacking between the adjacent 

molecule and the enhanced backbone ordering leads to their various thermal transport 

properties. The comparable thermal diffusivity value between the neat NFAs and their 

BHJs can be attributed to the good compatibility of the donor and the acceptor materials 

and the ordered molecular arrangement at the D/A interface. Finally, we showed that 

BZ4F-7 TFT and BHJ cell possessing the highest thermal diffusivity enjoys longer 

stability, while the BZ4F-5 and BZ4F-6F based devices exhibited dramatic degradation 

under the continuous thermal stress. This contribution offers new insights as well as a 

full picture of thermal transfer properties in the emerging Y-series molecules, which 
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will help to achieve high performance and thermally stable OSCs in further research.  

   During the course of this thesis work, several new approaches were applied to 

understand the interplay between the molecular structure of the new OPV materials and 

their PV performance. Based on the results presented in this thesis, I consider that the 

following points can be further investigated in future research work.  

[1] Tackling the non-radiative voltage loss in efficient non-fullerene acceptor based 

systems.  

NFA-based OPV devices exhibit excellent performance, showing PCE approaching 19% 

nowadays. For the state-of-art OPV systems, they can achieve comparable short circuit 

current densities and fill factors when comparing with the traditional inorganic PV such 

as GaAs or perovskite-based devices. However, their open-circuit voltages are still far 

from the Shockley-Queisser limit when considering the optical bandgaps. In general, 

the total voltage loss in the OSC can be classified into three primary categories: (i) 

energy transfer loss, (ii) radiative recombination loss, and (iii) nonradiative 

recombination loss.  The recent highly efficient NFAs-based OPV system contains the 

lower bandgap acceptor enabling a small energy difference between the excited state 

and the charge transfer state and therefore, largely suppress the charge transfer loss 

compared with traditional fullerene acceptor systems. While other losses, i.e., radiative 

and nonradiative recombination loss, limit open-circuit voltage. One of the potential 

reasons for recombination loss is band tails in organic thin films. The shape of the band 

tail in disordered organic materials is defined as the value of Urbach energy (EU) which 

was caused by structural and thermal disorder. In Chapter 4 and Chapter 5, we 

demonstrated that the EU in higher-performing OPV systems can be controlled through 

rational design of the molecule structure. However, at present, we cannot quantitively 
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evaluate the contribution of structural and thermal disorder on EU, and we have limited 

understanding of how the suppressed EU affects the Voc loss. It is therefore essential to 

apply more characterization tools, i.e., temperature dependent EU measurement, to map 

out the correlation between the thermal disorder, structural disorder, and molecule 

structure, in order to have a better understanding of the effect of EU on Voc loss.  

[2] OPV device stability.  

Given the high- PCE approaching 19 % achieved now by OSCs, there are urgent needs 

for improvement in long-term stability of OSCs and offer more room for their future 

application. For commercial thin film PV modules, i.e., silicon solar cells, a well-

established protocol (LEC 61215) was applied to evaluate their device stability. This 

protocol includes thermal cycling testing (temperature between -40℃ to 80℃) and a 

damp heat test (85℃ and 85% humidity). However, at the current stage, the device 

stability of OPV cannot be evaluated by these commercial protocols as their 

degradation mechanisms are still not clear. The origin of the degradation within the 

OSC is complicated and is mainly attributed to both extrinsic and intrinsic sources. 

Several strategies were carried out to avoid the extrinsic source of degradation, for 

example, tunning the HOMO/LUMO level of the organic materials or work function of 

the electrode to prevent the oxidation effects on organic layers and interfaces or 

applying a better encapsulating method in avoiding oxygen and water-induced device 

failure. By comparison, intrinsic source of degradation is even harmful as they are 

almost evitable. In chapter 5, our research work showed that the thermal diffusivity of 

organic thin films can be probed by the SPD technique, and the thermal properties 

exhibited a vivid correlation with the thermal stability of organic semiconductors. 

While my research work about thermal transport study is only limited to the same series 

of organic materials, some other methods can also be utilized to tune the thermal 
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properties of the active layer in the future, such as the ternary or quaternary BHJ or 

layer-by-layer OSC strategies. Besides, the PEDOT:PSS, as the primary hole transport 

layer used in the OSC fabrication, is known to possess excellent electrical conductivity 

but very poor thermal conductivity. Therefore, the thermal properties of the interface 

materials may also need to be considered to design the long-term stable PV device.  
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