
Hong Kong Baptist University

MASTER'S THESIS

Thermal diffusion of organic semiconductors determined by scanning
photothermal deflection (SPD) technique
Chiu, Ka Lok

Date of Award:
2020

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/ed8827bd-06db-441c-8e29-4772de600613


HONG KONG BAPTIST UNIVERSITY 

Master of Philosophy 

THESIS ACCEPTANCE 

 

DATE: July 14, 2020 

 
STUDENT'S NAME: CHIU Ka Lok     

 

THESIS TITLE: Thermal Diffusion of Organic Semiconductors Determined by Scanning Photothermal 
Deflection (SPD) Technique 

 

 This is to certify that the above student's thesis has been examined by the following panel 
members and has received full approval for acceptance in partial fulfilment of the requirements for the 

degree of Master of Philosophy. 

 

 

Chairman: Prof Wong Ricky M S 

Professor, Department of Chemistry, HKBU 
(Designated by Dean of Faculty of Science) 

 

Internal Members: Prof Cheah Kok Wai 
Chair Professor in Physics, Department of Physics, HKBU 

(Designated by Head of Department of Physics) 

 
Prof So Shu Kong 

Professor, Department of Physics, HKBU 

 
External Examiner: Prof Ho Ho Pui Aaron 

Professor 

Department of Electronic Engineering 
The Chinese University of Hong Kong 

 

 
 

 

 
  

Issued by Graduate School, HKBU 

 

 



Thermal Diffusion of Organic Semiconductors Determined 

by Scanning Photothermal Deflection (SPD) Technique 

 

 

 

 

CHIU Ka Lok 

 

 

 

 
A thesis submitted in partial fulfilment of the requirements 

 for the degree of 
 Master of Philosophy 

 
 
 
 
 
 
 

Principal Supervisor: 
Prof. SO Shu Kong (Hong Kong Baptist University) 

 
 

July 2020 
 



i 
 

DECLARATION 

I hereby declare that this thesis represents my own work which has been done 

after registration for the degree of MPhil at Hong Kong Baptist University, and has not 

been previously included in a thesis or dissertation submitted to this or any other 

institution for a degree, diploma or other qualifications. 

 

I have read the University’s current research ethics guidelines, and accept 

responsibility for the conduct of the procedures in accordance with the University’s 

Research Ethics Committee (REC). I have attempted to identify all the risks related to 

this research that may arise in conducting this research, obtained the relevant ethical 

and/or safety approval (where applicable), and acknowledge my obligations and the 

rights of the participants. 

 

 

 

Signature:                  

Date: July 2020 

 

 

 



ii 
 

Abstract 

Thermal diffusivity (D), measuring how fast heat propagates in a medium, is an 

important quantity in heat conduction. For a medium with great thermal diffusivity, it 

will reach thermal equilibrium in shorter time. In the field of solid state materials, 

thermal diffusivity can give information about the quality and morphology of solid, 

since D is very sensitive to microstructures. However, studies on the thermal diffusion 

of organic semiconductors are very scarce.  

In this thesis, the thermal diffusion of different classes of photovoltaic polymers 

and their blends with molecular electron acceptors were studied by scanning 

photothermal deflection (SPD) technique. The reliability of the technique was 

confirmed by the good matching between the SPD derived experimental D values and 

the nominal D values of different reference materials obtained from literatures. To 

illustrate that determination of thermal diffusivity is a possible method for studying 

microscopic properties of organic photovoltaic materials, SPD technique was applied 

to various films of photovoltaic polymers with different crystallinities. It is observed 

that photovoltaic polymers always possess small D values in the range of 0.3mm2/s to 

2.3mm2/s. It is also discovered that photovoltaic polymers with more planar molecular 

structure, stronger π-π stacking and higher crystallinity would possess larger D values. 

When photovoltaic polymers are blended with small molecular acceptors bulk 
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heterojunctions (BHJs), the thermal diffusivity is always reduced due to disrupted 

polycrystalline structure and increase probability of intermolecular phonon transport. 

However, for all-polymer BHJs with polymeric acceptor, the reduction in thermal 

diffusivity can be moderate as the proportion of ultrafast intramolecular phonon 

transport is maintained. 

SPD technique was also applied to PBDB-T:(ITIC-M+N2200) ternary BHJs 

with different ITIC-M to N2200 weight ratio. The thermal diffusivity of the ternary 

blend increases with the weight percentage of N2200 polymeric acceptor. It is observed 

that PBDB:(ITIC-M+N2200) ternary photovoltaic devices with enhanced thermal 

diffusion can possess enhanced photostability. Such enhancement in photostability is 

attributed to the reduced heat trapping at the area being illuminated due to the improved 

thermal diffusion. 
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(remark: find a better present to differentiate K and D, make a table concluding 
different techniques for measuring K and D, find a better reference style) 

The concept of thermal diffusivity (D) and thermal conductivity (K) should be 

differentiated. Thermal conductivity possesses a SI unit of W/m/K. It determines 

how much heat energy is transported in unit time due to unit temperature difference 

across unit length of the material. On the other hand, thermal diffusivity possesses 

a SI unit of m2/s which is the same as the unit of particle diffusion. From the Stokes-

Einstein law for diffusion of particles, the diffusivity of molecules (Λ) in a solution 

can be defined by the rate of change of the mean-square-displacement, 〈Δ𝑥𝑥2〉, of the 

molecules [2].  

Λ =
〈Δ𝑥𝑥2〉

2𝑡𝑡
                                                          (1.2) 

So, the “m2” in the unit of diffusivity actually is a measure of “length”; m2/s gives 

the “speed” of random moving molecules and how fast the particle system reaches 

equilibrium. Analogically, thermal diffusivity is a direct measurement on the speed 

of unit heat’s propagation. Therefore, a good thermal conductor can extract more 

heat from a hotter object in a shorter time, whereas good thermal diffuser can reach 

thermal equilibrium in a shorter time.  

 

 

 

Chapter 1 Introduction  

The thermal diffusivity of a material, with SI unit of m2/s, is defined as the 

thermal conductivity (K) normalized by the product of mass density (𝜌𝜌) and specific 

heat capacity (c) [1]. 

𝜋𝜋 =
𝐾𝐾
𝜌𝜌𝜌𝜌

                                                               (1.1) 

D is an important quantity in heat conduction. It measures how fast heat can propagate 

in a medium. In solid state materials, heat can be transported both by charges carriers 

and phonons [3]. Heat diffusion is also controlled both by the transport of mobile 

charges and phonons. The latter is particularly sensitive to microstructures. So, thermal 

diffusivity can also give information about the quality and morphology of the solid. For 

insulators, heat can only be transported by phonons. According to kinetic theory, D is 

directly related to the product of sound speed (v) and phonon mean free path (l), i.e., 

𝜋𝜋 ∝ 𝑣𝑣𝑣𝑣 [4]. In fact, in the field of non-conducting polymers, thermal diffusivity can 

give hints about molecular structures [5] and film qualities [6]. In the studies of 

superconductivity, thermal diffusivity gives clues about lattice anisotropy, phonon 

scattering, electron-phonon coupling and boundary thermal resistance at the interface 

of substrate and film [7-8].  

Since 1960s, many techniques have been invented for determining thermal 

diffusivity. Table 1.1 listed some techniques for determining thermal diffusivity. Below, 

working principle of these technique will be introduced briefly,  

1.1  Laser flash technique 

In the earliest stage, flash method and its derivatives were first introduced [9-
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11]. These methods require a laser pulse at the sample front and a transducer (thermal 

couples, piezoelectric or pyroelectric) at the rear. The heat pulse generated on the 

sample front would be recorded at the back. From the transient time and decay of the 

pulse, one can gather enough information to determine the thermal diffusivity of the 

material [9]. However, such methods can just be applied to free standing thin slabs. For 

film/substrate samples, the coating contributes little to the transport of heat pulse, 

leading to an effective D value close to the D value of the substrate. For thermally thick 

samples, the temperature pulse would be greatly attenuated before reaching the 

transducer, resulting in a small signal to noise ratio [12]. 

1.2  Photothermal deflection technique 

After 1980s, a series of contactless methods were invented to determine thermal 

diffusivities of both thin films and bulk samples. Many of these techniques were derived 

from photothermal deflection technique [13], photoacoustic technique [14], 

photothermal radiometry technique [15]. Until now, these techniques were limited in 

studying the thermal diffusivities of metals [16], inorganic semiconductors [16-17], 

alloy [16], ceramics [18] and non-conducting polymers [12&19]. However, thermal 

diffusivity studies on newly emerged electronic materials are very scarce. Photothermal 

deflection technique requires a modulated pump-beam to heat up a sample surface 

periodically. After heating, the surface will release heat to surrounding fluid, resulting 
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in temporal and spatial variations of the refractive index of the fluid. The spatial 

variation in the refractive index can deflect a probe laser beam which is originally 

parallel to the sample surface. By using the probe beam to scan the temperature profile, 

information can be gathered to study thermal diffusion in the sample.    

1.3  3𝜔𝜔 method 

In 3𝜔𝜔  method, an AC current of 𝐼𝐼(𝑡𝑡) = 𝐼𝐼𝑜𝑜 cos𝜔𝜔𝑡𝑡  is applied across an µ m-

wide line heater which has an electrical resistance of R. The power of the line heater 

will be 𝑃𝑃 = 𝐼𝐼2𝑅𝑅 = 𝐼𝐼𝑜𝑜2𝑅𝑅(1 + 0.5 cos 2𝜔𝜔𝑡𝑡) which gives both DC and 2𝜔𝜔-AC heating 

to an insulating sample. Assuming that temperature of the sample and electrical 

resistance of the wire are linearly proportional to the heating power, then the resistance 

and temperature change will also have a part vary with 2𝜔𝜔 . If one measures the 

potential difference, 𝑉𝑉(𝑡𝑡) = 𝐼𝐼𝑅𝑅~𝐼𝐼𝑜𝑜 cos𝜔𝜔𝑡𝑡 ∗ 𝑅𝑅𝑜𝑜(1 + 0.5 cos 2𝜔𝜔𝑡𝑡) , across the line 

heater, 𝑉𝑉(𝑡𝑡) will then include not only an 𝜔𝜔 component and a 2𝜔𝜔 component, but 

also a 3𝜔𝜔  component which comes from the product of cos𝜔𝜔𝑡𝑡  and cos 2𝜔𝜔𝑡𝑡 . The 

amplitude of the 3𝜔𝜔  component is dependent on the thermal conduction, thermal 

diffusion and the temperature of the underneath sample [31].    

1.4 Time domain thermo-reflectance 

Time domain thermo-reflectance technique is similar to photothermal 

deflection technique. Both techniques require a modulated pump beam to heat up the 
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sample surface and a probe beam to probe the temperature profile. However, for Time 

domain thermo-reflectance, the probe beam is not parallel to sample surface. It strikes 

the sample vertically. By measuring the reflection of the probe beam, the thermal 

diffusivity can be obtained, as the reflectance is related to the thermal properties of the 

sample. 

1.5 Thermographic technique 

According to the law of black body radiation, all objects with temperature 

higher than absolute zero emits electromagnetic radiation. Thermal cameras can be used 

to monitor the temperature profile of an object by detecting and analyzing the spectrum 

of radiation. And, as thermal camera can determine the temperature profile over a large 

area spontaneously, it makes in situ evaluation of thermal properties become possible. 

In recent years, due to the advance in thermographic technology, thermal cameras have 

been adapted for improving above techniques. For example, the transducer which 

attached to the back of a sample in a laser flash technique can be replaced by a thermal 

camera, such that non-contact laser flash technique can be realized. The probe beam in 

a photothermal deflection experiment can also be replaced by a high-resolution thermal 

microscope such that the time taken for photothermal experiment can be much reduced.  

 

In this thesis, thermal diffusion in organic semiconductors is of interest. Organic
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Technique 
Sample 

requirement 
Advantages Disadvantages Ref. 

Laser flash 
method 

Thin slab 

 High accuracy 
 Highly reliable commercial instrument is 

available 
 Easy preparation of sample 
 Short measurement time 
 Capable to temporal and atmosphere 

variations 

 Difficult to determine thermal diffusivities of 
thin films 

 Can only determine out-of-plane thermal 
diffusivity 

 High material consumption as thin slab sample 
is a must 

9-11 

Photothermal 
deflection 

technique and its 
derivatives 

Thin slab or 
thin film 

 Non-contact 
 Easy preparation of sample 
 Simple setup 

 Can only determine in-plane thermal diffusivity 
 Sensitive to ambient noise and floor vibration 
 Laser beam and sample alignment is very 

demanding 

12-13, 
16-18 

3𝜔𝜔 methods 

𝜇𝜇𝜇𝜇-wide line 
heater coated 

on a thick 
slab or thin 

film 

 High accuracy 
 Short measurement time 
 Insensitive to ambient noise 
 Capable to temporal variation 

 Need electrical insulation between the metallic 
line-heater and the material being interest, 
which will introduce additional thermal 
resistance. 

 Can only determine out-of-plane thermal 
diffusivity   

 Physical contact between delicate thin film and 
external electrodes 

31-33 
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Table 1.1 List of some common characterization techniques for determining thermal diffusivity.

Time domain 
thermo-

reflectance 

Thin slab or 
thin film 

 Non-contact 
 Easy preparation of sample 
 Less sensitive to ambient condition 

 Laser beam and sample alignment is very 
demanding 

 The sensitivity of the measurement has 
significant difference when it is applied to thin 
films with different materials and thickness 

34-36 

Thermographic 
methods 

Thin slab or 
thin film 

 Non-contact 
 Easy preparation of sample 
 Simple setup 
 Direct measurement of the surface 

temperature of the sample 
 Large area of the sample can be scanned 

fast 

 The measurement can only be applied to an 
exposed surface without optical obstruction 

 Quality of the thermal image is very sensitive to 
ambient condition 

 Thermal images could be blurred by mechanical 
vibration 

37-39 
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semiconducting materials are promising materials for electronic applications. Unlike 

traditional inorganic semiconductors which are hard and brittle, organic semiconductors 

can be flexible. This attribute makes flexible and wearable electronics possible [20]. 

Examples of flexible electronic devices made of organic semiconductors can be found 

in figure 1.1. Flexible displays are the notable examples. These displays are assembled 

with organic light-emitting diodes (OLEDs) which have been successfully 

commercialized in the recent decade. Organic materials are used as the active layers in 

thin film transistors (TFT). Devices with p-type and n-type characteristics, with charge 

carriers mobilities exceeding 10 and 20cm2/V/s have been realized[25]. For organic 

photovoltaics (OPVs), a high power conversion efficiency (PCE) of 17% have been 

reached [26].  

Besides flexibility, organic semiconductors also enjoy several advantages [27]. 

First, they are chemically synthesized. The synthetic freedom allows different material 

designs and finely tunable physical properties including electrical conductivities and 

bandgaps. Second, they can be solution processed. It makes large scale fabrication of 

electronics by roll-to-roll printing possible. Third, they can reduce energy consumption 

during manufacturing, as the processing temperature of organic semiconductors (not 

higher than 200oC) is much lower than the processing temperature of inorganic 

semiconductors (mostly higher than 1200oC). 



8 
 

 

 

Figure 1.1 (a) Rollable display announced by Samsung in 2016 [21]. (b) Rollable TV 

with 4K resolution produced by LG [22]. (c) Foldable smart phone with AMOLED 

display developed by Huawei [23]. (d) Smart watch with flexible display introduced by 

Nubia [24]. (e) Flexible solar panel installed on roof top. (f) Rollable and portable solar 

panel for charging mobile phone outdoor. 
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Though organic semiconductors enjoy so many advantages, much more research 

on organic semiconductors is still needed to enhance their performance and stability. 

The study of heat transfer could be a new research direction of organic semiconductors. 

However, the measurement of heat transfer or diffusion is rarely explored despite its 

potential significance. For example, it is well known that microscopic morphology 

strongly influences the electrical properties of an organic semiconductor [28]. The 

morphology is also expected to affect its heat diffusion. Thus, thermal diffusivity 

determination could be a very useful method for revealing microscopic properties of 

organic semiconductors. 

In the field of organic thermoelectric studies, materials with low thermal 

conductivity are preferred [29]. The most popular technique to measure thermal 

conductivity is the 3𝜔𝜔  method.  However, such technique needs physical contact 

between the delicate film and the external electrode. Also, the thermal conductivity 

measured by 3𝜔𝜔 method is the out-of-plane thermal conductivity, but not the in-plane 

thermal conductivity that directly relates to performance of organic thermoelectric thin 

film device. To obtain the in-plane thermal conductivity, one has to multiply the out-of-

plane thermal conductivity with an anisotropic factor. However, this anisotropic factor 

is not the same for all organic semiconductors, because of the in-plane and out-of-plane 

structural difference of organic semiconductors [30]. Scanning photothermal deflection 
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(SPD) technique maybe a possible solution for this problem. The thermal diffusivity 

measured by photothermal deflection technique is in-plane. Just by multiplying the 

experimental thermal diffusivity with density and heat capacity of the material, one can 

obtain the in-plane thermal conductivity of the organic semiconductors. 

In this thesis, SPD is selected and applied to study thermal diffusion of organic 

semiconductors because of the advantages of easy sample preparation, simple 

instrumentation and low set-up cost. In a SPD experiment, a flat sample is immersed 

into a deflection fluid. The sample will be irradiated by a modulated pump laser, 

resulting in changes in the temperature gradient and refractive index in the deflection 

fluid. As the temperature distribution of the surrounding fluid also depends on the 

thermal properties of the sample, study on temporal change of the deflection fluid can 

provide information about heat diffusion in the sample.  

This thesis aims at characterizing thermal diffusion of organic semiconductors 

by SPD technique. In Chapter 2, organic semiconductors will be briefly introduced. 

Theoretical basics of SPD are covered, including the physics of thermal waves, thermal 

distribution in the sample and deflection fluid, calculation of beam deflection and the 

determination of thermal diffusivity. Basic theory of grazing incident x-ray diffraction 

(GIXD) and organic photovoltaics (OPVs) will also be covered. In Chapter 3, 

experimental details will be provided, including the experimental setup and sample 
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fabrication techniques. Development of our home-made SPD setup will also be 

presented in details. Experimental results and discussion of this thesis are included in 

chapter 4 and chapter 5. In Chapter 4, SPD technique is applied to study the heat 

diffusion of organic photovoltaic polymers and bulk-heterojunctions (BHJs). The 

thermal diffusivities of photovoltaic polymers with different 𝜋𝜋 − 𝜋𝜋 stacking distance 

are compared. The thermal diffusivities of all-polymer BHJs and polymer:small-

molecular-acceptor BHJs will be presented. Chapter 5 applies SPD technique to 

compare heat diffusion of PBDB-T:(ITIC-M+N2200) ternary BHJs with different 

weight fraction of N2200 electron transporting polymer. Ternary organic photovoltaic 

(OPV) devices were fabricated. The performance of ternary OPVs under AM1.5G 

condition is studied. A correlation between thermal diffusivity and operation stability 

of BHJs could be observed. Finally, in Chapter 6, a conclusion of this thesis is given.  
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Chapter 2 Basic concepts and theories 

2.1 Introduction to organic semiconductors 

Organic semiconductors are materials containing pi-conjugated 

molecules/polymers in a solid form [1]. According to the types of charges they 

transport, organic semiconductors can be categorized into hole transporting 

materials and electron transporting materials. The origin of the conductivity of an 

organic semiconductor can be traced back to the chemical bonding between atoms. 

Atoms in organic semiconducting molecules are bound together by covalent 

bonds. S-orbitals and p-orbitals of atoms within organic semiconducting molecules 

hybridized to form sp2-orbitals and pz-orbitals. Then, overlapping of sp2 hybrid 

orbitals of adjacent atoms can form a σ-bond which is localized and hold the atoms 

together, whereas overlapping of two pz-orbitals between adjacent atoms forms π-

bonds (𝜋𝜋 and 𝜋𝜋∗). Electrons in π-bonds delocalize across all adjacent aligned pz-

orbitals and are responsible for the semiconducting properties of organic 

semiconductors [2]. 

Depending on the symmetries and the complexities of their molecular 

structures, organic semiconductors can be crystalline, semi-crystalline or 

amorphous. For organic semiconductors with ordered structures and high 

crystallinities, their carrier mobilities at room temperature can be as high as 
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~101cm2V-1s-1[3]. However, most organic semiconductors used in electronic 

devices are semi-crystalline or amorphous with low carrier mobilities of about  

10-5 to 10-3 cm2V-1s-1 [4-6]. Molecules in such organic semiconductors are bound 

together by weak van der Waal’s forces. The energy needed to displace molecules 

in amorphous organic semiconductors is, therefore, low. As a result, thin films 

made of amorphous organic semiconductors can be quite flexible.  

The electronic structure of an organic semiconductor is similar to, but not 

the same as, its inorganic counterparts. While inorganic semiconductors possess 

continuous energetically distributed valence bands and conduction bands, an 

organic semiconductor possesses its highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO). Both the HOMO and the 

LUMO have small energetic spreads (50-200meV), which can often be described 

by gaussian distributions [7]. The energetic difference between HOMO and LUMO 

of organic semiconductors can be defined as the energy gap Eg. Eg of an organic 

semiconductor may vary from 1.5eV to 3eV. So, technically, organic 

semiconductors are insulators at room temperature and in the absence of external 

excitations. Organic semiconductor can be semiconducting when charges are 

introduced into the solid by injection, e.g., by photoexcitation or upon doping [2]. 
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2.2 Basics of scanning photothermal deflection technique (SPD) 

Thermal diffusivity determination of organic semiconductors in this thesis 

relies on the photothermal deflection technique. As shown in figure 2.1, a sample 

(s) adhered to a backing (b) layer is immersed in a deflection fluid (f). Periodically 

irradiated by a light beam (the pump beam), the sample would absorb light and 

release heat to the surrounding medium which is usually a transparent fluid. The 

released heat results in periodic and spatial changes in the temperature and the 

refractive index of the surrounding fluid. The probe laser beam, which is parallel 

to sample surface, would then be deflected periodically. In the following 

subsections, we will show how the photothermal deflection technique is used to 

determine thermal diffusivities of non-transparent solids. 

 

Figure 2.1 Schematic diagram for Scanning photothermal deflection measurement. 
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2.2.1 Thermal wave in a semi-infinite solid 

When an optically opaque solid is irradiated by a light beam which is 

modulated at a frequency 𝜔𝜔 = 2𝜋𝜋𝑓𝑓, light energy will be absorbed periodically and 

partially transformed into heat by different non-radiative transitions. The heat will 

diffuse through the sample. Spatial and periodic variations in temperature will then 

be introduced. The periodic, spatial and temporal variations give rise to “thermal 

waves”, which are diffusive. The propagation of these waves is obviously affected 

by the optical and thermal properties of the sample. By investigating the 

propagation of thermal wave, one can extract the thermal properties of the sample. 

Below, we will present a phenomenological approach to describe the 

properties of thermal waves. More general and analytical approaches, in 2-D or 

even in 3-D, have been developed by different authors. Different geometries and 

light excitation conditions have also been considered. An excellent and 

comprehensive summary can be found in a review by Mandelis in 2011 [8]. These 

different approaches always lead to the same conclusion. Here, we start by 

considering the simplest 1-D theoretical model, as shown in figure 2.2. An isotropic 

homogenous semi-infinite solid which is uniformly irradiated by a modulated light 

beam with an intensity  

𝐼𝐼 = 𝐼𝐼𝑜𝑜(1 + cos(𝜔𝜔𝑡𝑡))/2.                  (2.1) 
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Figure 2.2 Geometry of a semi-infinite solid irradiated uniformly by a modulated 
light beam 

 

Mathematics of thermal wave starts with the continuity of heat flux 𝑱𝑱 and 

the assumption of linear relation between heat flux and temperature gradient 𝛻𝛻𝛻𝛻, 

𝛻𝛻 ∙ 𝑱𝑱 + 𝜕𝜕𝜌𝜌𝜌𝜌𝛻𝛻
𝜕𝜕𝑡𝑡 = 0                     (2.2) 

𝑱𝑱 = −𝐾𝐾𝛻𝛻𝛻𝛻                        (2.3) 

where K is the thermal conductivity, 𝜌𝜌 is the density and 𝜌𝜌 is the specific heat 

capacity. For a 1-D semi-infinite solid, equation (2.2) and (2.3) combine to give 

𝑑𝑑2𝑇𝑇(𝑥𝑥,𝑡𝑡)
𝑑𝑑𝑥𝑥2

− 1
𝐷𝐷
𝜕𝜕𝑇𝑇(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 0 with 𝜋𝜋 = 𝐾𝐾
𝜌𝜌𝜌𝜌            (2.4) 

As the solid is uniformly irradiated by a modulated light beam with an intensity   

𝐼𝐼 = 𝐼𝐼𝑜𝑜(1 + cos(𝜔𝜔𝑡𝑡))/2, assuming all incident light energy is transformed into heat 

on the surface of the solid, the boundary condition can be introduced as below: 

−K 
∂𝑇𝑇(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑥𝑥

�
𝑥𝑥=0

 = 𝑅𝑅𝑅𝑅 �𝐼𝐼𝑜𝑜2 exp(𝑖𝑖𝜔𝜔𝑡𝑡)� = 𝐼𝐼𝑜𝑜
2 cos𝜔𝜔𝑡𝑡         (2.5) 

where 𝐼𝐼𝑜𝑜  is the maximum intensity of the light beam. Here, K, 𝜌𝜌  and c are 

assumed to be temperature independent. In most photothermal deflection 

experiments, temperature variations induced by the periodic heating of modulated 



21 
 

light beam are not higher than 10oC. For such small variations in temperature, 

changes in K, 𝜌𝜌 and c can be negligible [9]. 

As the light beam is modulated at an angular frequency 𝜔𝜔 = 2π𝑓𝑓 , the 

actual temperature 𝛻𝛻(𝑥𝑥, 𝑡𝑡) can then be mathematically decomposed into a spatial 

part T(x) and a time dependent part exp(𝑖𝑖𝜔𝜔𝑡𝑡) 

𝛻𝛻(𝑥𝑥, 𝑡𝑡) = 𝑅𝑅𝑅𝑅[𝛻𝛻(𝑥𝑥) exp(𝑖𝑖𝜔𝜔𝑡𝑡)]               (2.6) 

Combining equation (2.4) and (2.6), one could get 

𝑑𝑑2𝑇𝑇(𝑥𝑥)
𝑑𝑑𝑥𝑥2

− 𝑞𝑞2𝛻𝛻(𝑥𝑥) = 0 with 𝑞𝑞 = �𝑖𝑖𝜔𝜔𝜌𝜌𝜌𝜌𝐾𝐾 = (1 + 𝑖𝑖)�𝜔𝜔𝜌𝜌𝜌𝜌2𝐾𝐾 = (1 + 𝑖𝑖)/𝜇𝜇  (2.7) 

which is also the fundamental equation of thermal wave physics. The solution of 

this equation will be wave like. Here, the complex number q is the wave number 

of thermal waves. As the imaginary part and real parts of q are equal, thermal waves 

are heavily damped. By applying boundary condition (2.4), we can get the general 

solution of equation (2.7), which is [10] 

𝛻𝛻(𝑥𝑥) = 𝐼𝐼𝑜𝑜𝜇𝜇
2√2𝑘𝑘

exp (− 𝑥𝑥
𝜇𝜇

)exp [−𝑖𝑖(𝜋𝜋
4

+ 𝑥𝑥
𝜇𝜇

)]            (2.8a) 

⇒ 𝛻𝛻(𝑥𝑥, 𝑡𝑡) = 𝑅𝑅𝑅𝑅[𝛻𝛻(𝑥𝑥) 𝑅𝑅𝑥𝑥𝑒𝑒(𝑖𝑖𝜔𝜔𝑡𝑡)] = 𝐼𝐼𝑜𝑜𝜇𝜇
2√2𝑘𝑘

𝑅𝑅𝑥𝑥𝑒𝑒 �− 𝑥𝑥
𝜇𝜇
� 𝜌𝜌𝑜𝑜𝑐𝑐 �𝜋𝜋

4
+ 𝑥𝑥

𝜇𝜇
− 𝜔𝜔𝑡𝑡�  (2.8b)  

This solution has a form of an attenuated plane wave. Therefore, it is called 

“thermal wave”. Figure 2.3 shows the waveform of equation 2.8b at 𝜔𝜔𝑡𝑡 = 𝜋𝜋/4. 

The exponential part of Eq. 2.8b defines the attenuation of thermal wave. The 

penetration depth of thermal wave, also known as the thermal diffusion length  
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Figure 2.3 Waveform of thermal wave in a semi-infinite solid, x is measured in the 

unit of thermal diffusion length 𝜇𝜇, which is defined by the distance at which the 

temperature drops to 1/e from the maximum point. 
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can be defined by 𝜇𝜇 [11] 

𝜇𝜇 = � 2𝐾𝐾
𝜔𝜔𝜔𝜔𝜔𝜔

= �2𝐷𝐷
𝜔𝜔

                     (2.9) 

When 𝑥𝑥 = 𝜇𝜇, the amplitude of T decreases by 1/e. Equation 2.8b also has the 

cosine dependence. At 𝑥𝑥 = 2𝜋𝜋𝜇𝜇 , the cosine part achieves its second peak. 

Therefore, 2𝜋𝜋𝜇𝜇 is defined to be the thermal wavelength [11], 𝜆𝜆𝑡𝑡ℎ. 

𝜆𝜆𝑡𝑡ℎ = 2𝜋𝜋𝜇𝜇 = 2𝜋𝜋�2𝐷𝐷
𝜔𝜔

                   (2.10) 

Figure 2.4 graphically illustrates the relation between 𝜆𝜆𝑡𝑡ℎ, D and f. Comparing 

equation (2.8b) with equation (2.1), there is a phase lag between light excitation 

and thermal response of the solid, which is 𝜋𝜋
4

+ 𝑥𝑥
𝜇𝜇

 in the complex component of 

equation (2. 8a). Also, the phase velocity (𝑣𝑣𝑓𝑓) and group velocity (𝑣𝑣𝑔𝑔) of thermal 

waves can be calculated simply by,  

𝑣𝑣𝑓𝑓 = 𝜆𝜆𝑡𝑡ℎ𝑓𝑓 = √2𝜋𝜋𝜔𝜔  and 𝑣𝑣𝑔𝑔 = 𝑅𝑅𝑅𝑅 � 1
𝑑𝑑𝑑𝑑

𝑑𝑑𝜔𝜔�
� = 2√2𝜋𝜋𝜔𝜔 = 2𝑣𝑣𝑓𝑓     (2.11) 

 
Figure 2.4 Simulated 𝜆𝜆𝑡𝑡ℎ under different D values and modulating frequency f 
according to equation 2.10 by using mathematica 
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2.2.2 Temperature distribution on a smooth film 

In previous sub-section, the temperature distribution within a 1-D semi-

infinite solid irradiated uniformly by a modulated light beam was solved. However, 

on a smooth film backed by a thick substrate and surrounded by a deflection fluid, 

the temperature distribution is three dimensional. We consider below the 

temperature distribution on a smooth film coated on a substrate, which is irradiated 

by a modulated Gaussian pump beam, as illustrated in figure 2.5. To simplify the 

problem, the film and the substrate are assumed to be parallel to each other and in 

the lateral direction. Assume that the deflection fluid and the substrate are optically 

transparent; only the film is opaque to the modulated light beam. The thermal wave 

and heat diffusion equations in the three regions, front (f), sample (s) and back (b), 

are given by [12] 

𝛻𝛻2𝛻𝛻𝑓𝑓 −
1
𝐷𝐷𝑓𝑓

 𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝑡𝑡

= 0                    (2.12a) 

𝛻𝛻2𝛻𝛻𝑏𝑏 −
1
𝐷𝐷𝑏𝑏

 𝜕𝜕𝑇𝑇𝑏𝑏
𝜕𝜕𝑡𝑡

= 0                    (2.12b) 

𝛻𝛻2𝛻𝛻𝑠𝑠 −
1
𝐷𝐷𝑠𝑠

 𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑡𝑡

= −𝑄𝑄(𝒓𝒓,𝑡𝑡)
𝐾𝐾𝑠𝑠

                 (2.12c) 

where Di ( i =f, s, b) is the thermal diffusivity at region i. 𝑄𝑄 is the heat per unit 

volume due to heat released from optical absorption by s. Q can be written as [12]  

𝑄𝑄(𝒓𝒓, 𝑡𝑡) = 𝑃𝑃𝑜𝑜𝛼𝛼
2𝜋𝜋𝑎𝑎2 exp(𝛼𝛼𝛼𝛼) exp �− 𝑟𝑟2

𝑎𝑎2� exp(𝑖𝑖𝜔𝜔𝑡𝑡)      (2.13) 

where 𝑃𝑃𝑜𝑜 is the pump beam power, 𝛼𝛼 is the absorption coefficient of the sample, 
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𝑎𝑎 is the pump beam radius at the sample surface, 𝜔𝜔 is the chopping frequency of 

the pump beam and 𝑟𝑟 is the separation between the point being irradiated to a 

position of interest. Note that, in reality, 𝑄𝑄(𝒓𝒓, 𝑡𝑡) should consist of the real part 

only. But here, the imaginary part is also adopted to simplify the calculation. 

 

Figure 2.5 Geometry for the thermal field evaluation 

 

Using the method of separation of variables in cylindrical geometry with 

the following boundary conditions [12]: 

a) 𝛻𝛻𝑓𝑓�𝑥𝑥,𝑦𝑦,𝑧𝑧=0
= 𝛻𝛻𝑠𝑠|𝑥𝑥,𝑦𝑦,𝑧𝑧=0,   𝑎𝑎𝑎𝑎𝑑𝑑 𝛻𝛻𝑠𝑠|𝑦𝑦=𝑥𝑥=0 ,𝑧𝑧=−𝑙𝑙 = 𝛻𝛻𝑏𝑏|𝑥𝑥=𝑦𝑦=0,𝑧𝑧=−𝑙𝑙    (2.14a) 

b) 𝐾𝐾𝑓𝑓
𝑑𝑑𝑇𝑇𝑓𝑓
𝑑𝑑𝑧𝑧
�
𝑧𝑧=0

= 𝐾𝐾𝑠𝑠
𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑧𝑧
�
𝑧𝑧=0

 𝑎𝑎𝑎𝑎𝑑𝑑  𝐾𝐾𝑠𝑠
𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑧𝑧
�
𝑧𝑧=−𝑙𝑙

= 𝐾𝐾𝑏𝑏
𝑑𝑑𝑇𝑇𝑏𝑏
𝑑𝑑𝑧𝑧
�
𝑧𝑧=−𝑙𝑙

        (2.14b) 

and by a Hankel transform, A. Salazar et. al. gave the solution of equations (2.12a)-

(2.12c) in 1988, which are [12]  

𝛻𝛻𝑓𝑓(𝑟𝑟, 𝛼𝛼, 𝑡𝑡) = 1
2 ∫ 𝛿𝛿𝐽𝐽𝑜𝑜(𝛿𝛿𝑟𝑟)𝐸𝐸(𝛿𝛿) exp�−𝛽𝛽𝑓𝑓𝛼𝛼� exp(𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝛿𝛿∞

0           (2.15) 
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𝛻𝛻𝑠𝑠(𝑟𝑟, 𝛼𝛼, 𝑡𝑡) = 1
2 ∫ 𝛿𝛿𝐽𝐽𝑜𝑜(𝛿𝛿𝑟𝑟) �𝛤𝛤

(𝛿𝛿) exp(𝛼𝛼𝛼𝛼) + 𝐴𝐴(𝛿𝛿) exp(𝛽𝛽𝑠𝑠𝛼𝛼)
+𝐵𝐵(𝛿𝛿) exp(−𝛽𝛽𝑠𝑠𝛼𝛼) � exp(𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝛿𝛿∞

0  (2.16) 

𝛻𝛻𝑏𝑏(𝑟𝑟, 𝛼𝛼, 𝑡𝑡) = 1
2 ∫ 𝛿𝛿𝐽𝐽𝑜𝑜(𝛿𝛿𝑟𝑟)𝜋𝜋(𝛿𝛿)exp [𝛽𝛽𝑏𝑏(1 + 𝛼𝛼)] exp(𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝛿𝛿∞

0        (2.17) 

Here, 𝛽𝛽𝑗𝑗
2 = 𝛿𝛿2 + 𝑖𝑖𝜔𝜔

𝑘𝑘𝑗𝑗
 (𝑗𝑗 = 𝑓𝑓, 𝑐𝑐, 𝑏𝑏)  is the relation between the separation 

constants, 𝐽𝐽𝑜𝑜 is the Bessel function of zero order 

𝐽𝐽𝑜𝑜(𝛿𝛿𝑟𝑟) = ∑ (−1)𝑚𝑚

𝑚𝑚!Γ(𝑚𝑚+1) �
𝛿𝛿𝛿𝛿
2
�
2𝑚𝑚

∞
𝑚𝑚=0                (2.18a) 

and the 𝛿𝛿 functions in the solutions are [12]  

𝛤𝛤(𝛿𝛿) = 𝑃𝑃𝑜𝑜𝛼𝛼
2𝜋𝜋𝐾𝐾𝑠𝑠�𝛽𝛽𝑠𝑠

2−𝛼𝛼𝑠𝑠2�
exp �− (𝛿𝛿𝛿𝛿)2

4
�,                (2.18b) 

𝐴𝐴(𝛿𝛿) = − 𝛤𝛤(𝛿𝛿)
𝐻𝐻(𝛿𝛿)

[(1 − 𝑔𝑔)(𝑏𝑏 − 𝑒𝑒) exp(−𝛼𝛼𝑣𝑣) + (1 + 𝑏𝑏)(𝑔𝑔 + 𝑏𝑏) exp(𝛽𝛽𝑠𝑠𝑣𝑣)],  (2.18c) 

𝐵𝐵(𝛿𝛿) = −
𝛤𝛤(𝛿𝛿)
𝐻𝐻(𝛿𝛿)

[(1 + 𝑔𝑔)(𝑏𝑏 − 𝑒𝑒) exp(−𝛼𝛼𝑣𝑣) + (1 − 𝑏𝑏)(𝑔𝑔 + 𝑏𝑏) exp(−𝛽𝛽𝑠𝑠𝑣𝑣)], 

(2.18d) 

𝜋𝜋(𝛿𝛿) = 𝛤𝛤(𝛿𝛿) exp(−𝛼𝛼𝑣𝑣) + 𝐴𝐴(𝛿𝛿) exp(−𝛽𝛽𝑠𝑠𝑣𝑣) + 𝐵𝐵(𝛿𝛿) exp(𝛽𝛽𝑠𝑠𝑣𝑣),       (2.18e) 

𝐸𝐸(𝛿𝛿) = 𝛤𝛤(𝛿𝛿) + 𝐴𝐴(𝛿𝛿) + 𝐵𝐵(𝛿𝛿),                  (2.18f) 

𝐻𝐻(δ) = (1 + 𝑔𝑔)(1 + 𝑏𝑏) exp(𝛽𝛽𝑠𝑠𝑣𝑣) + (1 − 𝑔𝑔)(1 − 𝑏𝑏) exp(−𝛽𝛽𝑠𝑠𝑣𝑣)      (2.18g) 

with 𝑔𝑔 = 𝐾𝐾𝑓𝑓𝛽𝛽𝑓𝑓
𝐾𝐾𝑠𝑠𝛽𝛽𝑠𝑠

 , 𝑏𝑏 = 𝐾𝐾𝑏𝑏𝛽𝛽𝑏𝑏
𝐾𝐾𝑠𝑠𝛽𝛽𝑠𝑠

 𝑎𝑎𝑎𝑎𝑑𝑑 𝑒𝑒 = 𝛼𝛼
𝛽𝛽𝑠𝑠

              (2.18h) 
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2.2.3 Probe laser beam deflection 

From Equation (2.15)–(2.17), the sample, which is heated at one point by a 

modulated laser beam, will release heat and result in a temperature gradient in the 

surrounding deflection fluid. The rise in temperature leads to a variation in the 

refractive index of the deflection fluid. When a light beam is passing through the 

region with variation in refractive index, it will then be refracted.  

 
Figure 2.6 Schematic diagram showing the deflection of a probe beam in a region 
with variation in refractive index 

 

As shown in figure 2.6, considering a probe beam with finite width w 

passing over the sample surface with a tilting angle 𝜓𝜓 and through the region with 
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variation in refractive index, the part of the probe beam closer to the sample will 

pass through a region with higher temperature, lower refractive index 𝑎𝑎𝐴𝐴  and 

higher velocity 𝑣𝑣𝐴𝐴, whereas another part of the beam passes through a region with 

lower temperature, higher refractive index 𝑎𝑎𝐵𝐵 and a lower velocity 𝑣𝑣𝐵𝐵. The part 

of the probe beam further from the sample surface will travel a distance of 𝑑𝑑𝑣𝑣 with 

𝑣𝑣𝐵𝐵  after a very short time ∆𝑡𝑡  while the other part travels a longer distance of 

𝑑𝑑𝑣𝑣 + 𝛿𝛿 = 𝑣𝑣𝐴𝐴∆𝑡𝑡. And so, the path difference 𝛿𝛿 between the two side will be 

𝛿𝛿 = (𝑣𝑣𝐴𝐴 − 𝑣𝑣𝐵𝐵) ∙ ∆𝑡𝑡 = 𝑑𝑑𝑙𝑙
𝑣𝑣𝐵𝐵

(𝑣𝑣𝐴𝐴 − 𝑣𝑣𝐵𝐵) = −𝑑𝑑𝑣𝑣 �𝑛𝑛𝐴𝐴−𝑛𝑛𝐵𝐵
𝑛𝑛𝐴𝐴

�        (2.19) 

It results in a tilting angle of the wave front 𝑑𝑑𝜙𝜙, which is  

𝑑𝑑𝜙𝜙 = tan(𝑑𝑑𝜙𝜙) = 𝛿𝛿
𝑤𝑤

= −𝑑𝑑𝑙𝑙
𝑤𝑤
�𝑛𝑛𝐴𝐴−𝑛𝑛𝐵𝐵

𝑛𝑛𝐴𝐴
�              (2.20) 

As shown in the geometry illustrated in figure 2.6, 𝑤𝑤 = 𝑍𝑍𝐴𝐴−𝑍𝑍𝐵𝐵
cos (𝜓𝜓)

 and 𝑑𝑑𝑣𝑣 = 𝑑𝑑𝑥𝑥
cos(𝜓𝜓), 

equation (2.20) then can be written as,  

𝑑𝑑𝜙𝜙 = − 𝑑𝑑𝑥𝑥
𝑍𝑍𝐴𝐴−𝑍𝑍𝐵𝐵

�𝑛𝑛𝐴𝐴−𝑛𝑛𝐵𝐵
𝑛𝑛𝐴𝐴

�.                   (2.21) 

For a small beam width 𝑤𝑤, 1
𝑛𝑛𝐴𝐴
�𝑛𝑛𝐴𝐴−𝑛𝑛𝐵𝐵
𝑍𝑍𝐴𝐴−𝑍𝑍𝐵𝐵

� ≈ 1
n
∂n
∂z

, so 𝑑𝑑𝜙𝜙 can be written as, 

𝑑𝑑𝜙𝜙 = − 1
n
∂n
∂z
𝑑𝑑𝑥𝑥 = − 1

n
∂n
∂T

∂T
∂z
𝑑𝑑𝑥𝑥.                 (2.22) 

And the total deflection of the probe beam on the direction normal to the sample 

surface 𝛷𝛷𝑛𝑛 is  

𝛷𝛷𝑛𝑛 = − 1
𝑛𝑛
𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇 ∫

𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
𝑑𝑑𝑥𝑥∞

−∞  .                  (2.23) 

Following a similar approach, the deflection of the probe bean on the transverse 
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direction 𝛷𝛷𝑡𝑡 can be proved to be  

𝛷𝛷𝑡𝑡 = 1
𝑛𝑛
𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇 ∫

𝜕𝜕𝑇𝑇
𝜕𝜕𝑦𝑦
𝑑𝑑𝑥𝑥∞

−∞  .                   (2.24) 

More generally, when the probe beam is directed parallel to the sample 

surface and is passing through the region with periodically changed refractive 

index, it will be deflected by an amount of  

𝜱𝜱 = − 1
𝑛𝑛
𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇 ∫ 𝛻𝛻𝛻𝛻 × 𝒅𝒅𝒅𝒅∞

−∞ .                 (2.25) 

which is the fundamental equation of all photothermal deflection experiments. As 

equation 2.25 is independent of the width of probe beam, w, probe-beam size is 

always assumed to be infinitely small in most photothermal deflection 

experiments. And so, a probe beam size as small as possible is preferred. In early 

stage of the development of the technique, as the materials being tested were 

metals with long thermal diffusion lengths, the pump beam and probe beam sizes 

can be assumed to be infinitely small. Later on, materials with relatively short 

thermal diffusion lengths were investigated. By assuming that the finite probe 

beam is a collection of different individual rays, computer simulations 

demonstrated that if the modulating frequency f is low enough to enlarge the 

thermal diffusion, then probe beam size effect can be ignored [23]. So, as long as 

f is small enough, there is not needed to worry about the ratio between the size of 

pump beam and probe beam. 
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By substituting expression (2.15) for 𝛻𝛻𝑓𝑓 into Equation (2.23) and (2.24), 

A. Salazar et al. in 1988 wrote 𝛷𝛷𝑡𝑡 and 𝛷𝛷𝑛𝑛 in the following forms [12]: 

𝛷𝛷𝑡𝑡 = − 1
𝑛𝑛
𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇

 ∫ 𝛿𝛿 sin(𝛿𝛿𝛿𝛿)𝐸𝐸(𝛿𝛿) exp�−𝛽𝛽𝑔𝑔𝛼𝛼� exp(𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝛿𝛿 ∞
0     (2.26) 

𝛷𝛷𝑛𝑛 = 1
𝑛𝑛
𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇

 ∫ 𝛽𝛽𝑔𝑔 cos(𝛿𝛿𝛿𝛿)𝐸𝐸(𝛿𝛿) exp�−𝛽𝛽𝑔𝑔𝛼𝛼� exp(𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝛿𝛿 ∞
0      (2.27) 

with 𝐸𝐸(𝛿𝛿) = 𝑃𝑃𝑜𝑜
2𝜋𝜋𝐷𝐷𝑠𝑠

𝑝𝑝
𝛽𝛽𝑠𝑠(1−𝑝𝑝2) exp �− (𝛿𝛿𝛿𝛿)2

4
� 

× ((1+𝑏𝑏)(1−𝑝𝑝)exp(𝛽𝛽𝑠𝑠𝑙𝑙)−(1−𝑏𝑏)(1+𝑝𝑝)exp(−𝛽𝛽𝑠𝑠𝑙𝑙)−2(𝑏𝑏−𝑝𝑝)exp (−𝛼𝛼𝑙𝑙)
(1+𝑔𝑔)(1+𝑏𝑏)exp(𝛽𝛽𝑠𝑠𝑙𝑙)−(1−𝑔𝑔)(1−𝑏𝑏)exp (−𝛽𝛽𝑠𝑠𝑙𝑙)

)             (2.28) 

These equations for 𝛷𝛷𝑡𝑡 and 𝛷𝛷𝑛𝑛 are too complicated. So, they could just 

be solved numerically. Both 𝛷𝛷𝑡𝑡 and 𝛷𝛷𝑛𝑛 would vary with the separation between 

probe beam and pump beam, y. Figure 2.7-2.9 shows the simulated Re(𝛷𝛷𝑡𝑡) and 

Re(𝛷𝛷𝑛𝑛 ) vs y based on Eqs. (2.26) and (2.27) under different conditions using 

mathematica. Table 2.1 provides the parameters used for simulations. The 

parameters include pump beam power Po, the 1/e radius of pump beam a, the 

refractive index of the deflecting medium n, its temperature coefficient dn/dT, the 

separation between probe beam and the sample surface zo, and the thermal 

diffusivity D. The separation between non-central zero crossing points in the Re(𝜱𝜱𝒕𝒕) 

against y plot and the separation between two minimum points in the Re(𝜱𝜱𝒏𝒏 ) 

against y plot can be used to determine D and 𝜆𝜆𝑡𝑡ℎ(= 2𝜋𝜋�2𝜋𝜋/𝜔𝜔 ) of a material. 

Details of the determination will be presented in next sub-section. 

In figure 2.8, we examine how the thermal waves change for different 
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values of D. The range of D spans from 0.1mm2/s, which corresponds to a good 

thermal insulator employed in industry, to D=100m2/s, which corresponds to a 

good metallic thermal conductor (e.g. Ag and Au). Clear thermal wave oscillations 

with well defined minimum points can be observed for D between 10-100mm2/s. 

Below 10mm2/s, the minima disappear, indicating that most heat is trapped. The 

extent of the trapped heat region is about 5-4 mm, which is 2 times the diameter of 

the pump beam. In figure 2.9, D is set to be 100mm2/s and f is allowed to vary. 

Clear thermal wave oscillations can only be seen at small f lower than about 50Hz. 

For large 𝑓𝑓 > 50Hz, the minima and non-central zero crossing points are difficult 

to be observed. 

 

 

 

 

 Fig. 2.7 Fig. 2.8 Fig. 2.9 

Thermal Diffusivity, D (mm2/s) 100 Varied 100 
Pump beam radius, a (mm) 1 1 1 

Refr. Index, n 1.25 1.25 1.25 
Temp. coeff., dn/dT (mK-1) 0.5×10-3 0.5×10-3 0.5×10-3 

Pump beam power, Po (mW) 2.5 2.5 2.5 
Pump/Sample offset, zo (mm) 0 0 0 

Modulating freq., f (Hz) 6 6 varied 

Table 2.1 Parameters for the simulations in figure 2.7-2.9 
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Figure 2.7 Simulated thermal waves expressed by Re(𝜙𝜙𝑛𝑛) and Re(𝜙𝜙𝑡𝑡) 
 
 
 
 
 
 
 
 
 



33 
 

-8 -6 -4 -2 0 2 4 6 8

0

20

40

60

80

 

 

R
e(
Φ

n) 
(a

.u
.) 

pump-probe seperation (mm)

f = 6Hz
 D=0.1mm2/s
 D=1mm2/s
 D=10mm2/s
 D=100mm2/s

 

Figure 2.8 Simulated Re(𝜙𝜙𝑛𝑛) for different thermal diffusivity (D) values 
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Figure 2.9 Simulated Re(𝜙𝜙𝑛𝑛) for different modulating frequencies (f) 
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2.2.4 Thermal diffusivity determination 

As shown in section 2.2.1, thermal wavelength, 𝜆𝜆𝑡𝑡ℎ  is defined as            

𝜆𝜆𝑡𝑡ℎ = 2𝜋𝜋𝜇𝜇 = 2π� 2𝐾𝐾
𝜔𝜔𝜔𝜔𝜔𝜔

= 2�𝜋𝜋𝐷𝐷
𝑓𝑓

              (2.29) 

where 

𝜋𝜋 = 𝐾𝐾/𝜌𝜌𝜌𝜌                     (2.30) 

So once 𝜆𝜆𝑡𝑡ℎ is known, D can be determined from equation 2.29. Experimentally, 

𝜆𝜆𝑡𝑡ℎ can be determined by measuring thermal waves with scanning photothermal 

deflection technique. 𝜆𝜆𝑡𝑡ℎ can be extracted from the thermal waves with 2 methods. 

(1) Separation between non-central zero crossing points: 

According to C.B. Reyes in 1988, the separation (𝑑𝑑𝑡𝑡) between the 2 non-central 

zero crossing points is linear related to the half of thermal wavelength [11].  

𝑑𝑑𝑡𝑡 = 𝑏𝑏 𝜆𝜆𝑡𝑡ℎ
2

+ 𝐶𝐶 = b�𝜋𝜋𝐷𝐷
𝑓𝑓

+ 𝐶𝐶               (2.32) 

where b and C are some constants 

According to A.Salazar et al. in 1988, b is √1.44 for thermally thick samples, 

which have thicknesses being larger than thermal diffusion length (𝑣𝑣 > 𝜇𝜇𝑠𝑠). For 

thermally thin samples (𝑣𝑣 < 𝜇𝜇𝑠𝑠) and optically transparent samples, b is about 1[12]. 

And so, by plotting a graph of 𝑑𝑑𝑡𝑡 against 1/�𝑓𝑓, the slope of the plot will be 𝑏𝑏√𝜋𝜋𝜋𝜋. 

(2) Separation between two minima in a thermal wave: 

As shown in figure 2.7 – 2.9, there are minima in the plot of Re(𝜙𝜙𝑛𝑛) against y. At 
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the minima (𝛿𝛿 = 𝛿𝛿𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛), the first derivative will be equals to zero  

0 = 𝑑𝑑𝛷𝛷𝑛𝑛
𝑑𝑑𝑦𝑦
�
𝑦𝑦=𝑦𝑦𝑜𝑜𝑚𝑚𝑚𝑚𝑛𝑛

                   (2.33) 

By substituting expression 2.27 for 𝛷𝛷𝑛𝑛  into equation 2.33, a relation between 

𝛿𝛿𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛 and 𝜇𝜇 could be obtained. It is hard to solve equation 2.33 as expression 2.27 

is too complicated. But, for the case of 1-D semi-infinite solid, it could give us 

some hints. The first derivative of equation 2.8b is 

0 =
𝑑𝑑𝛻𝛻(𝑥𝑥)
𝑑𝑑𝛿𝛿

�
𝑥𝑥=𝑥𝑥𝑜𝑜𝑚𝑚𝑚𝑚𝑛𝑛

= 𝛻𝛻𝑜𝑜 �−
1
𝜇𝜇

exp �−
𝑥𝑥𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛

𝜇𝜇
��cos

𝑥𝑥𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛

𝜇𝜇
− sin

𝑥𝑥𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛

𝜇𝜇
��    (2.34) 

which gives 𝑥𝑥𝑜𝑜
𝑚𝑚𝑚𝑚𝑛𝑛

𝜇𝜇
= π

4
 and shows that 𝑥𝑥𝑜𝑜

𝑚𝑚𝑚𝑚𝑛𝑛

𝜇𝜇
 needs not to be π. For 2-D case, the 

expression given by G. Suber in 1987 [13], implies that 

𝑦𝑦𝑜𝑜𝑚𝑚𝑚𝑚𝑛𝑛

𝜇𝜇
≈ 𝜋𝜋

2
⇒ 𝑑𝑑𝑛𝑛 = 2𝛿𝛿𝑜𝑜𝑚𝑚𝑖𝑖𝑛𝑛 ≈

𝜋𝜋𝜇𝜇
2

= �𝜋𝜋𝐷𝐷
𝑓𝑓

              (2.35) 

So, again, the thermal diffusivity of a material can be obtained by plotting a graph 

of 𝑑𝑑𝑛𝑛 against 1/�𝑓𝑓.  

In a scanning photothermal deflection experiment, Re(𝜱𝜱𝒕𝒕) and Re(𝜱𝜱𝒏𝒏), can 

be measured by scanning the probe beam above or below the pump beam at a fixed 

f. For each f, a thermal wave pattern as illustrated in figure 2.7 can be obtained. 

From the thermal wave signal, dn or dt can be determined. Experiments are then 

repeated for different values of  f. 𝑑𝑑𝑡𝑡  or 𝑑𝑑𝑛𝑛  against 1/�𝑓𝑓  can be plotted to 

obtain the thermal diffusivity of samples, as illustrated in figure 2.10. In this thesis, 

we will primarily measure dn as the probe beam alignment is less demanding. 
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Figure 2.10. Extraction of thermal diffusivity from dn or dt against 1/�𝑓𝑓 graph 

2.3 Grazing-incidence X-ray Diffraction/Scattering (GIXS or GIXD) 

Heat transfer in solids can be mediated by free charges carriers and phonons. 

In organic semiconductors, charge carriers are quite localized phonons play a 

dominating role in heat conduction [14]. Density, velocity and mean free path of 

phonons are highly sensitive to morphology, separation between molecules and 

crystallinity of the solid. To study how heat diffusion in organic semiconductors is 

affected by these factors, a tool for determining molecular ordering and spacing is 

then essential.  

Grazing-incidence X-ray diffraction/scattering (GIXS or GIXD) is a useful 

scattering technique to study nanomorphology of organic semiconducting films. 

GIXS/GIXD can be classified as Grazing-incidence wide angle X-ray scattering 

(GIWAXS) and Grazing-incidence small angle X-ray scattering (GISAXS). In 

GIXS experiment, the sample could be a thin layer deposited on any smooth 

substrate [15] (e.g. silicon wafer, quartz or ITO). An X-ray beam is impinged on a 



37 
 

sample at a very small incident angle with respect to the sample surface and is 

scattered by the periodic ordering atoms or molecules within the thin layer. Because 

of the small incident angle, there will be total internal reflection of the X-ray in the 

thin film layer such that only the thin layer is probed. The constructive interference 

pattern of scattered and reflected X-ray could be recorded by a 2D detector (e.g. 

large area CCD X-ray camera). Advances in 2D detectors make fast and time 

resolved measurement in GIXS possible. One example is from E. Manley et al in 

2017, in which in situ GIWAXs is performed to analyze the effects of solvent and 

additive on the evolution of PTB7 thin film microstructure during spin coating [16]. 

There is not an unambiguous difference between GIWAXS and GISAXS. The 

possible difference between these two maybe the sample-to-detector separation L 

and the scattering angle being measured. According to experiment geometry, 

GIWAXS refers to GIXS experiments with shorter L of 0.3 – 1 m; GISAXS refers 

to those with longer L of 1 - 4 m [17]. 

Next, we discuss the basics of GIXS. Figure 2.11 shows the geometry of 

GIXS experiment. Let the sample surface lie in the x-y-plane and the y-axis lie in 

the horizontal direction of the incident beam. When an incident X-ray with 

wavevector 𝑘𝑘𝚤𝚤���⃗  and an angular frequency 𝜔𝜔𝑖𝑖 hits the sample surface at an vertical 

angle of 𝛼𝛼𝑖𝑖, the X-ray will be scattered through a horizontal angle 2θ, a vertical 
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angle 𝛼𝛼𝑓𝑓, with a final wavevector 𝑘𝑘𝑓𝑓����⃗  and a final angular frequency 𝜔𝜔𝑓𝑓. In case 

of elastic scattering, the magnitude and wavelength of 𝑘𝑘𝑓𝑓����⃗  and 𝑘𝑘𝚤𝚤���⃗  are the same. 

�𝑘𝑘𝑓𝑓����⃗ � = �𝑘𝑘𝚤𝚤���⃗ � = 2𝜋𝜋
𝜆𝜆                      (2.36) 

The change in momentum �⃗�𝑞 of the X-ray would be  

�⃗�𝑞 = 𝑘𝑘𝑓𝑓����⃗ − 𝑘𝑘𝚤𝚤���⃗ .                       (2.37) 

By doing some trigonometry, we can easily write that 

�⃗�𝑞 = �
𝑞𝑞𝑥𝑥
𝑞𝑞𝑦𝑦
𝑞𝑞𝑧𝑧
� 

= 2𝜋𝜋
𝜆𝜆
�

cos𝛼𝛼𝑓𝑓 cos 2𝜃𝜃 − cos𝛼𝛼𝑖𝑖
cos𝛼𝛼𝑓𝑓 sin 2𝜃𝜃

sin𝛼𝛼𝑓𝑓 + sin𝛼𝛼𝑖𝑖
�,              (2.38) 

Or in terms of sample-detector distance L and pixels’ position (𝑥𝑥𝑜𝑜 , 𝛼𝛼0) on the 2D 

detector, one could easily convert equation 2.38 into 

�⃗�𝑞 = 2𝜋𝜋
𝜆𝜆

⎝

⎜
⎜
⎜
⎛
� 𝐿𝐿2�𝐿𝐿2+𝑥𝑥𝑜𝑜2�
�𝐿𝐿2+𝑥𝑥𝑜𝑜2��𝐿𝐿2+𝑥𝑥𝑜𝑜2+𝑧𝑧02�

− 𝐴𝐴

� 𝑦𝑦𝑜𝑜2�𝐿𝐿2+𝑥𝑥𝑜𝑜2�
�𝐿𝐿2+𝑥𝑥𝑜𝑜2��𝐿𝐿2+𝑥𝑥𝑜𝑜2+𝑧𝑧02�

𝑧𝑧𝑜𝑜

�𝐿𝐿2+𝑥𝑥𝑜𝑜2+𝑧𝑧02
+ 𝐵𝐵

⎠

⎟
⎟
⎟
⎞

 with 𝐴𝐴 = cos𝛼𝛼𝑖𝑖  and 𝐵𝐵 = sin𝛼𝛼𝑖𝑖    (2.39) 

which can be applied to convert raw GIXS signal into q-space if the x-ray 

wavelength is known and the detector is perfectly vertical to the x-y plane [18]. 
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Figure 2.11. a) Geometry of GIXS experiment to show the X-ray scattering in real 

space, b) diagram to show the scattering of X-ray in q-space 
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Note that, as 𝑘𝑘𝑓𝑓����⃗  and 𝑘𝑘𝚤𝚤���⃗  are of the same magnitude, the �⃗�𝑞 should have head and 

tail lying on a sphere with radius of 2𝜋𝜋
𝜆𝜆

, which is named as Ewald sphere shown 

in figure 2.11b. If we define the angular difference between 𝑘𝑘𝑓𝑓����⃗  and 𝑘𝑘𝚤𝚤���⃗  as 2𝜑𝜑, 

then the magnitude of �⃗�𝑞 could be written as 

|�⃗�𝑞| = 
4𝜋𝜋
𝜆𝜆

sin𝜑𝜑                    (2.40) 

In case of constructive interference 

|�⃗�𝑞| = 
2𝜋𝜋
𝑑𝑑

                       (2.41) 

where 𝑑𝑑  is the lattice spacing of the inorganic solid or the distance between 

adjacent molecules of organic film. 

 

In solid state physics, lattice can be defined by three fundament vectors 

𝑎𝑎1����⃗ ,𝑎𝑎2����⃗ ,𝑎𝑎2����⃗   in real space such that when we look the lattice from a point 𝑟𝑟 , the 

atomic or molecular arrangement will looks the same as from the point of 

𝑟𝑟′���⃗ = 𝑟𝑟 + 𝑢𝑢1𝑎𝑎1����⃗ + 𝑢𝑢2𝑎𝑎2����⃗ + 𝑢𝑢3𝑎𝑎3����⃗               (2.42) 

where 𝑢𝑢1,𝑢𝑢2,𝑢𝑢3 are arbitrary integers. Such periodicity in structure defines lattice. 

In reciprocal space, lattice is mapped by a vector of 

�⃗�𝐺 = 𝑣𝑣1𝑏𝑏1���⃗ + 𝑣𝑣2𝑏𝑏2����⃗ + 𝑣𝑣3𝑏𝑏2����⃗                  (2.43) 

where 

𝑏𝑏1���⃗ = 2𝜋𝜋 
𝛿𝛿2����⃗ ×𝛿𝛿3����⃗

𝛿𝛿1����⃗ ∙𝛿𝛿2����⃗ ×𝛿𝛿3����⃗
                   (2.44) 
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𝑏𝑏2����⃗ = 2𝜋𝜋 
𝛿𝛿1����⃗ ×𝛿𝛿3����⃗

𝛿𝛿1����⃗ ∙𝛿𝛿2����⃗ ×𝛿𝛿3����⃗
                   (2.45) 

𝑏𝑏3����⃗ = 2𝜋𝜋 
𝛿𝛿1����⃗ ×𝛿𝛿2����⃗

𝛿𝛿1����⃗ ∙𝛿𝛿2����⃗ ×𝛿𝛿3����⃗
                   (2.46) 

When constructive interference occurs, �⃗�𝐺  will be equals to �⃗�𝑞  [19]. By 

combining equation (2.41) and (2.43), X-ray diffraction data represented in 

reciprocal space can be used to constructed lattice structure in real space. The peak 

position (value of q) in a GIXS graph provides information of lattice spacing; The 

shape of diffraction peaks gives information about alignments of lattice [17]. 

 

2.3.1 Grazing-incidence wide angle X-ray Scattering (GIWAXS) 

As said, when sample-to-detector separation L of GIXS experiment is about 

0.3 – 1 m, the experiment is more likely to be GIWAXS. In such case, scattering 

angle of 1 – 45o, q-value of 0.1 – 5 Å−1 [20] and morphological details of 0.1 – 

1nm are being concerned.  

By |�⃗�𝑞| = 2𝜋𝜋
𝑑𝑑

, table 2.2 illustrates ranges of q values and their corresponding 

spacing. In the field of organic semiconductor, two most important peaks in 

GIWAXS experiments are the 𝑞𝑞~0.4 Å−1 and the 𝑞𝑞~1.6 Å−1 peaks. These two 

peaks correspond to (100) lamellar spacing of ~1.6nm and (010) 𝜋𝜋 − 𝜋𝜋 stacking 

spacing of ~0.4nm respectively, just as shown in figure 2.12. Using P3HT as 

example, possible GIWAXS diffraction patterns are shown in figure 2.12. In typical 
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diffraction patterns, qz is plotted against qxy. For edge-on orientation, the (010)  

𝜋𝜋 − 𝜋𝜋 stacking peak (𝑞𝑞~1.6 Å−1) will be on qxy axis and the (100) lamellar peak 

(𝑞𝑞~0.4 Å−1) will be on qz axis. For face-on orientation, peak of 𝑞𝑞~1.6 Å−1 will 

be on qz axis and peak of 𝑞𝑞~0.4 Å−1 will be on qxy axis. For end-on orientation, 

both peaks lie on qxy axis. If the organic semiconducting film is amorphous, then 

the two peaks will spread out to form a circle. Figure 2.13 illustrates experimental 

GIWAXS pattern of edge-on P3HT film, one could find that it matches figure 2.12h 

well. 

 

 d (Å) |�⃗�𝑞| (Å−1) 
Atomic packing size 1 to 10 0.5 to 4 

Molecular packing size 3 to 30 0.2 to 2 
Macromolecular distances 20 to 200 0.03 to 0.3 

Nanoscale distances 150 to 3000 2 × 10−4 to 0.04 
Micron sizes >10000 < 6 × 10−4 

Table 2.2. Illustration of different ranges of observing peaks in GIXS data and their 

corresponding spacing scale.  
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Figure 2.12. a-c) possible orientation of P3HT, d-g) expected scattering of X-ray 

in q-space under different orientation of P3HT, h-k) expected GIWAXS pattern on 

pixel detector under different orientation of P3HT. Peak close to center is the (100) 

lamellar  spacing  peak  (𝑞𝑞~0.4 Å−1 )  and  the  peak  far  from  center 

is the (010) 𝜋𝜋 − 𝜋𝜋 stacking peak (𝑞𝑞~1.6 Å−1). Adopted from Ref. 18 
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Figure 2.13. Experimental GIWAXS pattern of edge-on P3HT film, which matches 

figure 2.12h. Adopted from Ref. 18 

 

2.3.2 Grazing-incidence small angle X-ray Scattering (GISAXS) 

GISAXS correspond to GIXS experiments with longer sample-to-detector 

distance of 1 – 4 m, smaller scattering angle of 0.05 – 0.5o, smaller q-value of 0.01 

– 0.1Å−1 and larger length scale of ~10nm to ~100µm. Compared to GIWAXS, 

GISAXS is less used in the field of organic semiconductor because of its lower 

signal-to-noise ratio [20]. But it is more oven to be used in studying the ordering 

and shape of quantum dots lattices or other inorganic nanoparticles on thin films 

[21].  
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2.4. Organic Photovoltaic (OPVs) Cells 

2.4.1. Working principle 

Organic photovoltaic devices absorb photons and convert light energy into 

electrical energy. The simplest structure of OPV device can be Anode/active-

layer/cathode. Energy conversion happens in the active layer of the OPV device. 

To allow for photon absorption by the active layer, at least one of the electrodes 

should be transparent. The active-layer of the OPV device consists of two types of 

materials, donor and acceptor. The working principle of OPV devices involves four 

steps [22]. They are illustrated in figure 2.14 and described below: 

 

 

Figure 2.14 Schematic diagram illustrating the four steps of the working principle 

of OPVs 
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1) Photon absorption and Exciton generation: When photons pass through the 

transparent substrate and the transparent electrode, and if the energy of the 

photons is higher than the energy gap Eg of the donor, the photons will be 

absorbed by the donor and electrons will be excited to the LUMO of the donor, 

leaving holes in the HOMO. The electron and the hole tend to pair up by 

coulomb force. Then electron-hole pairs (the excitons) are generated.  

2) Exciton diffusion: The photons are mainly absorbed by the donor. And so, the 

excitons are mostly generated at the donor. It leads to an exciton concentration 

difference between donor and acceptor. Such concentration different results in 

the diffusion of excitons towards the interface between donor and acceptor. 

3) Charge separation: The LUMO of acceptor is lower than the LUMO of donor. 

When the exciton reaches the interface between donor and acceptor, the 

electron will tend to transport into LUMO of acceptor, causing exciton 

dissociation at the D-A interface 

4) Charge transport: After separation, the charges carriers will be driven by 

electric field to the corresponding electrodes through their corresponding 

domains. It is then a photocurrent produced.  
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2.4.2. Device characterization 

Characterization of OPV devices are always conducted under simulated 

AM1.5G solar illumination [22]. Current-Voltage (J-V) measurement is the most 

popular method to characterize photovoltaic devices. During the measurement, 

different bias would be applied to the device, and corresponding current density 

would be recorded. Figure 2.15 illustrates the typical shape of a J-V curve of 

photovoltaic devices. Under AM1.5G solar illumination, internal electric field and 

photocurrent will be generated. When the photovoltaic device is driven by zero 

bias, there will be only internal electric field. Under such condition the current is 

named as short circuit current Jsc. Gradually increase the external applied voltage, 

the absolute value of the photocurrent will decrease. When the external applied 

field is equals to the internal field, the current will become zero and the applied 

external bias under such condition is defined as open circuit voltage Voc. On the J-

V curve, at one point where power output by the OPV device become maximum, 

the corresponding current density and applied bias is defined as Jmax and Vmax 

respectively.  

Power conversion efficiency PCE of photovoltaic device is defined as the 

maximum power output Pout normalized by the power of incident light Pin 

𝑃𝑃𝐶𝐶𝐸𝐸 =
𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡
𝑃𝑃𝑖𝑖𝑛𝑛

=
𝐽𝐽𝑚𝑚𝛿𝛿𝑥𝑥 × 𝑉𝑉𝑚𝑚𝛿𝛿𝑥𝑥

𝐼𝐼𝑖𝑖𝑛𝑛
,                                   (2.47) 
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where Iin is the intensity of incident light. Fill factor is another important parameter 

for describing performance of photovoltaic cells. It is defined as  

𝐹𝐹𝐹𝐹 =
𝐽𝐽𝑚𝑚𝛿𝛿𝑥𝑥 × 𝑉𝑉𝑚𝑚𝛿𝛿𝑥𝑥
𝐽𝐽𝑠𝑠𝜔𝜔 × 𝑉𝑉𝑜𝑜𝜔𝜔

,                                              (2.48) 

So, PCE of photovoltaic devices can also be written as 

𝑃𝑃𝐶𝐶𝐸𝐸 =
𝐽𝐽𝑠𝑠𝜔𝜔 × 𝑉𝑉𝑜𝑜𝜔𝜔 × 𝐹𝐹𝐹𝐹

𝐼𝐼𝑖𝑖𝑛𝑛
,                                         (2.49) 

Note that under AM1.5G solar illumination, Iin is 100mW/cm2 

 

 

 

Figure 2.15 J-V characteristics of OPVs under illumination of light 
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Chapter 3 Experimental Details 

3.1. Sample preparation 

In this thesis, SPD measurements were conducted on to both inorganic and 

organic semiconductors. For inorganic samples, e.g. silicon wafer, amorphous graphite 

and GaAs wafer, the samples were cut into small pieces with a dimension of about 

15×5×1mm. Before investigation, these samples would be cleaned by water, acetone 

and propan-2-ol twice in an ultra-sonic bath for 15mins. For organic samples, fused 

silica were the substrates, with a size of about 15x5x1 mm. They would also be cleaned 

by water, acetone and propan-2-ol in an ultra-sonic bath, just as the same as bulk 

samples. The substrates were then subjected to UV-ozone treatment for 13mins to 

further remove residue organic contaminants. After that, different organic films were 

drop-casted or spin-coated onto the substrates and stored in a glove box filled with N2 

until they could be investigated. 

3.2. Experimental setup 

Figure 3.1 shows the schematic diagram of the experimental setup for the 

determination of thermal diffusivity. Transverse photothermal deflection technique was 

used to detect the normal component of probe beam deflection [1]. The setup was 

housed in a dark room. A 2.5mW 532nm YAG laser diode was mounted on a motorized 

linear translation stage and served as the pump beam. A Circular pump source was used. 
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It is also possible to use line shape beam for the pump. The mathematical basis of such 

case will be even more simple, as the geometry is simpler. But to keep consistency with 

traditional SPD technique, a circular pump source was chosen finally.   

 
Figure 3.1 Schematic diagram of Scanning photothermal deflection (SPD) 
measurement 

 

Figure 3.2 Photo of the SPD setup 
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The pump beam was modulated by a mechanical chopper (Stanford Research 

SR540) with adjustable chopping frequency, typically ranging from 6.2Hz to 9.2Hz in 

this thesis. Depending on the thermal diffusion length of the tested material and the 

pump-beam size, the chopping frequency can go beyond this range. In a SPD 

experiment, the pump-beam size should be smaller than the thermal diffusion length of 

the material. Or else, the minima in the Φ𝑛𝑛 against yo plot, the zero-crossing points in 

the Φ𝑡𝑡  against yo plot cannot be observed. For thermally diffusive materials, like 

metals and silicon, their thermal diffusion length, 𝜇𝜇 = �2𝜋𝜋/𝜔𝜔 , can still be large 

relative to pump beam size under high chopping frequency. However, for materials with 

low thermal diffusivities, a low modulating frequency would be needed to enlarge the 

thermal diffusion length. Besides enlarging the thermal diffusion length, we could also 

reduce the pump beam size. A convex lens with 20cm focal length is used to focus the 

pump-beam, so that the 1/e radius of the pump beam is 0.178mm on the sample surface, 

which is smaller than the thermal diffusion length of most photovoltaic polymers. An 

even smaller pump-beam size can be achieved by using lens with smaller focal length. 

However, if the pump beam size is too small, the convergent angle of the pump beam 

will be very large. Under such condition, small variation in sample position will result 

in large difference in pump beam size. So, convex lens with long focal length (f=20cm) 

is used, not just for focusing, but also for reducing the variation in pump beam size. The 
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lens was mounted on the pump beam holder. So, it can move together with the pump 

beam. Upon illumination by the pump beam, the sample surface would be heated up, 

inducing temperature gradient and variation in refractive index of the surrounding 

deflection fluid. Such a variation was detected by the probe beam laser which was 

parallel to and just above the sample surface.  

A transverse Uniphase HeNe laser beam (5mW, 632nm) served as the probe beam. 

Theoretically, SPD technique assumes an infinitely small probe beam size, so it is 

desired to use convex lens with a short focal length to focus the probe beam into an 

extremely small beam. However, if the probe beam size is so small in the region near 

the pump beam, the convergent angle of the probe beam will be very large. Then, the 

alignment between the sample and laser beam will be very demanding. For easy 

alignment, a convex lens with 20cm long focal length was placed in front of the probe 

beam to convert the divergent probe laser into parallel beam.  

The 1/e radius of probe beam and pump beam were 0.09mm and 0.18mm 

respectively, which were determined by knife-edge technique. The details of knife-edge 

technique can be found in Chapter Appendix. Ignoring the demanding alignment, it is 

still possible to keep the setup functioning while reducing the pump beam and probe 

beam size significantly.  

The motorized linear translation stage was controlled by a stepper motor driver, 
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which was powered by a 5V 1A DC supply. By sending digital signals to the stepper 

motor driver, one can adjust the separation between probe beam and pump beam, yo. In 

section 3.2.2, details on the control of motorized linear translation stage will be 

provided. 

The sample was immersed into the deflection fluid inside a quartz cuvette. The 

inner dimension of the cuvette was about 10x10x45mm. For easier alignment, the 

cuvette was mounted and fixed on a 3-D translation linear stage. The deflection fluid 

should have a large temperature coefficient of refractive index 𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇

 . Perflurohexane 

(C6F14), also called as FC-72 [Strem Chemical, 98+%(85% n-isomers)], was used as 

the deflection fluid. The chemical structure and physical properties of perflurohexane 

can be found in figure 3.3 and table 3.1, respectively. It has a relatively large 𝑑𝑑𝑛𝑛
𝑑𝑑𝑇𝑇
≈-

4.7 × 10-4K [3]. Furthermore, most organic samples remain insoluble in C6F14. 

Deflection fluid also contributes to thermal diffusion. However, if the thermal 

diffusivity of deflection fluid is much smaller than thermal diffusivity of the sample. 

Then the thermal diffusion is dominated by the sample. For perfluorohexane, from table 

3.1, its thermal diffusivity (𝜋𝜋 = 𝐾𝐾/𝜌𝜌𝜌𝜌) can be calculated to be 0.027mm2/s. Such value 

is at least 2 orders smaller than the thermal diffusivity of inorganic conducting and 

semiconducting materials (100 to 102 mm2/s). It is also 1 order smaller than the thermal 

diffusivity of photovoltaic materials (10-1 to 100mm2/s). So, the error due to heat 
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diffusion in the deflection fluid contributes very little to the experimental D values. 

A silicon PIN photo quadrant detector (TEMIC, S2339P) under reverse bias was 

used to detect the deflection of probe beam. The mechanical chopper and position 

sensor were connected to a Stanford Research SR830 Digital lock-in amplifier. Details 

about the connection of photo quadrant detector, lock-in amplifier and mechanical 

chopper will be outlined in section 3.2.3. To achieve clearer photothermal deflection 

signal, we measured the normal component of probe beam deflection signal. Just as 

shown in figure 2.5 in section 2.2.3, the amplitude of normal component of probe beam 

deflection is much higher than that of transverse component. 

 

 

 

 

Figure 3.3 Chemical structure of FC-72 (perfluorohexane) 
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properties FC-72 (perfluorohexane) 

Molecular weight 338 amu 

Boiling point (1 atm) 56oC 

Thermal conductivity 0.057 Wm-1K-1 

Density 1680 kgm-3 

Specific heat capacity 1100 Jkg-1K-1 

Water solubility 10 ppmw 

Solubility in water <5 ppmw 

Refractive index  1.25 

𝑑𝑑𝑎𝑎
𝑑𝑑𝛻𝛻

 -4.7× 10−4𝐾𝐾−1 

Table 3.1 Physical properties of FC-72 obtained from Ref. 3-4 

 

To get a good SPD signal, precise alignment is needed, and some precautions are 

essential. For good alignment, the probe beam should be directed parallel to the sample 

surface and normal to the pump beam. A small tilting angle between them would greatly 

increase the noise level. The sample surface should be as close as possible to the probe 

beam. It could greatly enhance the SPD signal amplitude and reduce signal-to-noise 

ratio. The pump beam should be normal to the sample surface, or else, the measured 

crossing dn would be larger or smaller than the real crossing. The initial alignment was 
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always made under the condition that the waist of probe beam was at the center of pump 

beam (i.e. 𝛿𝛿𝑜𝑜 = 0). The photothermal deflection was then maximized in such condition. 

However, when the pump-probe offset yo goes to about ±0.5𝑑𝑑𝑛𝑛, or even further, the 

SPD signal will be very weak. Under such a condition, if there is a small tilting angle 

between the probe beam and the sample surface, the probe beam may strike onto the 

sample. It will result in wrong SPD signals and great noise. Misalignment can be 

checked by blocking the pump beam and confirming that the probe beam is not 

obstructed by the sample and is pointing at the center of position sensor. 

In our experiments, the deflection fluid was filtered before use by a syringe filter, 

to remove any dust or insoluble large particles. Their presence could scatter the probe 

beam and generate noise. An O-ring was used to seal the quartz cuvette to prevent 

evaporation of deflection fluid. In this way, temperature change arising from 

evaporation of the fluid was suppressed. Heat released by the sample may also lead to 

convection and turbulence in deflection fluid which are also the origin of noise in 

photothermal deflection experiments. Moreover, the ventilation system was switched 

off to minimize air flow and dust flow in the dark house. These factors may lead to 

scattering of probe beam, so lock-in technique must be performed to detect the AC 

photothermal deflection signal in such noisy environment. 
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3.2.1. Mechanical isolation system 

The whole experiment setup was set on a home-made optical breadboard (2×2ft.) 

which was mechanically isolated from the ground. Figure 3.4 illustrates the design of 

the working table (top) and the connection of mechanical isolation system (bottom). To 

enhance the mobility while keeping the stability and horizontal of the setup, leveling 

casters (Footmaster, GD-40F) were installed under the stainless-steel frame of the 

working table. When experiments were conducted, the pads of the leveling casters were 

lowered to get the wheels leaving the ground and to keep the platform stable. Also, 

inflatable isolators (Newport, SLM-1A compact air mount) were installed on the top of 

the stainless-steel frame to mechanically isolate the optical breadboard plate from floor 

vibration. The pressure inside the inflatable isolators was about 0.1psi, which was 

provided by a compress nitrogen bottle (Linde HKO, 42-HJ Nitrogen J Size). The over-

pressure was controlled by a pressure regulator. 
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Figure 3.4 Schematic diagram of the working table and the connection of the 

mechanical isolation system for the SPD experiment 
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3.2.2. Motorized linear translation stage 

In SPD measurement, photothermal deflection of probe beam under different 

pump probe offset was measured. The offset was achieved by vertically scanning the 

pump beam mounted on a motorized linear translation stage. The stepper motor 

(Changzhou Hetai, 42BYGH613-01B) of the translation stage together with the stepper 

motor driver were powered by a DC supply as illustrated in figure 3.5. The stepper 

motor driver (L298N) was controlled by a programmable interface device (National 

instruments, NI-DAQmx, USB-6009). Labview was specially written to instruct the 

interface device to deliver HI(1)/LO(0) digital signal to the stepper motor driver. The 

driver will then send electrical pulses to the motor. For example, when the “IN1” pin of 

the stepper motor driver receives a digital signal of “1”, the driver will send a +5V 

electrical pulse to the A+ coil of the motor from the “OUT1” pin. Figure 3.6 illustrates 

the working principle and the four working steps of a stepper motor with 4 teeth stator 

and 2 teeth rotor operated at full step mode. Each time, when potential difference is 

applied across (or electrical pulse is sent to) the A+, A-, B+ and B- coils of the stepper 

motor, the motor will rotate by an angle and the translation stage will move by a step. 

Step distance of each step can be reduced by increasing the number of “teeth” on the 

rotor and stator of the stepper motor. The displacement of the stage is proportional to 

the number of pulses. And the speed is proportional to the pulse frequency.  
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Figure 3.5 Connection of motorized linear translation stage and stepper motor driver 

 

Figure 3.6 Working principle and the four working steps of a stepper motor with 4 teeth 

stator and 2 teeth rotor operating at full step mode. Rotating angle of each step can be 

reduced by increasing the number of “teeth” on the rotor and stator 
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3.2.3. Lock-in detection and the connection of position sensor  

As mentioned, the normal component of the probe-beam deflection is detected by 

a silicon PIN photo quadrant detector (TEMic). Connection of the photo quadrant 

detector, lock-in amplifier and mechanical chopper is illustrated in figure 3.8. The 

position sensor has four photodiodes (a, b, c and d). They were reverse biased with a 

DC supply. Diodes a, b were connected in parallel and form the right half of the detector. 

Similarly, diodes c, d form the left half. Each pair was connected to a current sensing 

resistor R (3kΩ)  

In the absence of pump beam, the probe beam was aligned at the center of the 

position sensor. When the modulated pump beam is on, photothermal effect deflects the 

probe beam periodically. The uneven irradiation on the left and the right produces a 

difference in photocurrents between them. This difference results in a potential 

difference between points X and Y which can be measured by connecting X and Y to 

the “A” and “B” inputs of the lock-in amplifier. Since the pump beam was modulated 

by a chopper, the probe beam will be deflected at the modulated frequency f. The 

deflection signal was then recorded by a lock-in amplifier at a frequency f. Details about 

the setting of the lock-in amplifier can be found in table 3.2.  
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Figure 3.7 Connection of the photo quadrant detector, lock-in amplifier and mechanical 

chopper 
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Setting parameter Value 

Sensitivity Depending on the signal value 

(normally 50 to 100 mV for central peak; 

1 to 2 mV for the two minima. ) 

Time constant 1 or 3s  

Reverse Normal reverse 

Signal input A-B 

Low pass filter slope 12dB/oct 

Notch filter Line and 2×Line 

Display X and 𝜃𝜃 

Synchronous filter On 

Ground Ground 

Couple ac 

 Table 3.2 Typical setting of the Stanford Research SR830 lock-in amplifier 
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Chapter 4 Thermal diffusivity study of semiconducting photovoltaic polymers and 

Bulk-heterojunctions (BHJs) 

 

4.1 Introduction 

Thermal diffusivity D is the heat conductivity normalized by the density and 

specific heat capacity. In the past three decades, extensive measurements of D have 

been carried out for many practical materials used in industries. Figure 4.1 is a summary 

of some relevant materials for applied scientists [1]. Among all these, synthetic 

polymers are known to possess poor thermal transport due to their disordered and 

insulating nature [2]. Besides the traditional insulating polymers, many semiconducting 

polymers have emerged. They possess relatively better electrical transport [3] but 

remain effectively thermally insulating. Both the electrical and thermal properties 

happen to match the criteria of a good thermoelectric device [4]. As a result, 

semiconducting polymers are now actively pursued as new materials for 

thermoelectrics. One example is PEDOT:PSS, which is one of the most extensively 

researched semiconducting polymer for organic thermoelectric at this moment[5-7]. 

Despite the intense interest to study heat transport in organic thermoelectric 

materials, researches on thermal properties of organic semiconductors are still quite 

scarce. The situation is undesirable because heat transfer must have impacts on the 
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thermal stability of organic electronic devices. For example, a more thermally 

conducting organic thin film will be able to support a higher current and less susceptible 

to damages from Joules’s heating. In this chapter, we employ our scanning 

photothermal deflection (SPD) technique to assess the thermal diffusivities of 

semiconducting polymers and their bulk-heterojunction blends (BHJ) for organic 

photovoltaic devices. 

The reliability of the SPD setup was confirmed by excellent matching between 

literature and our experimental values for some well-studied materials. In general, we 

observe that photovoltaic polymer films with better crystallinity possess higher thermal 

diffusivity values. When photovoltaic polymers were blended with small molecules to 

form BHJs, the thermal diffusion of the film will always be greatly reduced. The 

reduction, as discussed later on, can be attributed to the disrupted polycrystalline 

structure of polymers and the low thermal diffusivity values of small molecular 

acceptors. However, when one polymer is mixed with another polymer to form all-

polymer BHJs, such a reduction can be quite moderate. 

 

 

 

 



69 

 

 

 

 

 
Figure 4.1 Summary of thermal diffusivities and thermal conductivities of different 
solids. Adopted from Ref. 1 
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4.2 Experimental details 

Two classes of sample were prepared. The first class were primarily bulk 

samples including silicon, graphite, metal and alloy. They were used for testing the 

reliability of our SPD setup, and were cut into pieces with a size of 15x5x1 mm. Then, 

they were subsequently cleaned by deionized water, acetone and propan-2-ol twice in 

an ultra-sonic bath for 15mins. The second class of samples were organic 

semiconducting films, where were coated on fused-silica by drop-casting. The size of 

the substrate was 15x5x1 mm. Before coating, the substrates were cleaned by deionized 

water, acetone and propan-2-ol in an ultra-sonic bath, just as the same as bulk samples. 

The substrates were then subject to UV-ozone treatment for 13mins. After that, different 

organic films were prepared by drop-casting method. The dried films were stored in N2 

environment and ready for SPD measurements. 

When conducting SPD measurement, the sample was immersed into 

perflurohexane which served as the deflection fluid. A 5mW 532nm YAG pumped laser 

diode was mounted on motorized linear stage. This laser was used as the pump beam, 

which was modulated at a frequency, f, by a mechanical chopper. The heat released by 

the sample was probed by a HeNe laser parallel to and above the sample surface. The 

SPD signal was detected by a photo quadrant position sensor. The sensor output was 

monitored by a lock-in amplifier (Stanford Research SR830) in the differential mode.  
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4.3 Results and Discussions 

4.3.1 Reliability of SPD setup 

The reliability of the home-made SPD setup was first tested by bulk materials. 

Below, we use crystalline Si as an example for discussion. The thermal properties of 

pure silicon have been well studied by different techniques. And so, it serves as a good 

example for testing our setup. Figure 4.2a shows the SPD signals of pure silicon wafer 

under different pump-probe offset (yo) and different modulating frequencies (f) of the 

pump-beam. The experimental SPD signals show general features which are the same 

as the computational simulated photothermal deflection in chapter 2.2.3. The amplitude 

of SPD signal is the highest when the probe-beam is at the center of pump-beam spot 

(yo = 0). Away from the center, the SPD signal drops rapidly to below zero on both sides 

and reaches their minima. When f increases, the central peak and the separation between 

two minima on both side (dn) decrease. Table 4.1 summarizes how dn varies with f. 

Figure 4.2b shows the plot of dn against 1/�𝑓𝑓 for Si. The slope of the plot equals to 

√𝜋𝜋𝜋𝜋 as stated in chapter 2.2.4. From figure 4.2b, we obtained a slope of 16.56mm/s0.5 

for Si, which correspond to a thermal diffusivity of 87.3±2.4mm2/s. Compared to the 

literature thermal diffusivity of silicon, 88mm2/s [8], the agreement is excellent, and the 

difference is only 0.8%, which is well within the experimental error. 
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Figure 4.2 (a) SPD signals for crystalline Si, (b) plot of dn against 1/�𝑓𝑓 of Si.  
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Frequency, f (Hz) 1/�𝑓𝑓  (s1/2) dn (mm) 

6.9 0.38 4.37 
8.2 0.35 3.78 
10.5 0.31 3.18 
13.5 0.27 2.58 
18.6 0.23 1.89 
27.4 0.19 1.19 

Table 4.1 dn for Si at different modulating frequency f 
 

To further confirm the reliability of our SPD setup, a series of SPD measurements 

was conducted on different inorganic materials, including amorphous graphite, stainless 

steel, pure metals and inorganic semiconductors. Table 4.2 summarizes experimental 

thermal diffusivities of these materials and their nominal values obtained from the 

literatures. For materials with relatively high thermal diffusivity (>10 mm2/s), the 

experimental values match well with nominal values, as percentage difference is not 

larger than 3%. It shows our setup has high reliability in the range with thermal 

diffusivity larger than 10mm2/s 

In the region with thermal diffusivity lower than 10mm2/s, we used stainless 

steel 304 and 316 to test our setup, and the measured values are 2.75 and 5.45 mm2/s, 

respectively. The measured values deviate from the nominal values by ~15%. Such 

deviations are not surprising for stainless steel materials, as these could be because of 

batch-to-batch variation in quality and composition. Compositional variation can 

influence the lattice structure which greatly affects phonon and heat transport 
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In the region with D value under 1mm2/s, PEDOT:PSS, CH3NH3PbI3 and P3HT 

films were tested. They were deposited on fused silica substrates. The experimental D 

value of PEDOT:PSS and CH3NH3PbI3 determined by SPD technique are 0.34mm2/s, 

0.41mm2/s respectively, which are within the ranges reported by Wei et al in 2016 [15], 

and Caddeo et al in 2016 [14]. For P3HT, the experimental D value is 1.06mm2/s which 

is lower than the reference value reported by Xu et al in 2018 [13]. Such discrepancy is 

acceptable as the drying condition can greatly influence the formation of P3HT crystal. 

Lower D value may be the result of faster drying speed, worse crystal formation and 

slower phonon transport.  

In general, our home-made SPD setup, indeed, shows good reliability in the 

region with D>1mm2/s. In the range with D<1mm2/s, there are difference between 

experimental D values and nominal D values. But such deviations are acceptable; the 

setup can still be used to study trends in thermal diffusivity changes for materials with 

low diffusivity values. 
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Sample Nominal D (mm2/s) Experimental D (mm2/s) 

Si 88[8] 87.3 
Molybdenum 54.3[9] 58.71 

Si-GaAs 21 to 26[8] 21.8 

Polycrystalline 
Graphite at 20oC 

64[10] 61.8 

S.S. 316 3.3 to 4.4[11] 2.75 

S.S 304 2.7 to 4.7[12] 5.45 

P3HT (annealed at 
45oC until dry) 

1.1 to 2.9 [13] 1.06 ± 0.21 

NH3CH3PbI3 0.32 to 1.54 [14] 0.41 ± 0.06 
PEDOT:PSS 0.24 to 0.78[15] 0.34 ± 0.07 

Table 4.2. Nominal and experimental thermal diffusivity values of different materials 

for checking the reliability of SPD setup. For P3HT, stainless steel 304 and 316, the 

nominal D values are obtained by dividing their published nominal thermal 

conductivities K by their volumetric heat capacities 𝜌𝜌𝜌𝜌. 𝜌𝜌 denotes the density and c 

denotes the specific heat capacity. 
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4.3.2 Thermal diffusivity of pristine polymeric semiconducting films 

In this section, we extend SPD measurements to the study thermal diffusion of 

different organic materials, polymers, small molecules and their bulk heterojunctions. 

First, we focus on different semiconducting polymers commonly used in organic 

photovoltaic (OPV) cells Figure 4.3 shows the chemical structures of the selected 

polymers under investigation. The polymer on the list mostly are used as electron 

donors in a bulk heterojunction (BHJ) OPV cells. Table 4.3 summarizes the thermal 

diffusivities derived from our SPD measurements. Compared to inorganic conductors 

and semiconductors, polymeric semiconducting films possess low thermal diffusivities, 

which are generally lower than 2.5mm2/s. PCDTBT is one of them, which used to be 

the one of the most popular electron donors in the years around 2010. Figure 4.5a shows 

the SPD signals of a PCDTBT film under different modulating frequency of pump-

beam 𝑓𝑓. Plot of dn vs 1/�𝑓𝑓 for PCDTBT is shown in figure 4.5b. The dn of polymeric 

semiconducting film, like PCDTBT film, is much smaller than the dn of inorganic 

conductors and semiconductors. For materials with low thermal diffusivity, heat will be 

trapped near the point irradiated by the pump beam, resulting in small thermal 

wavelengths and small dn. It is well known that heat conduction in a solid originates 

from the transport of heat by free charges and phonons. For organic semiconductors 

heat conduction can be influenced by mobile charges and phonons.  
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But, how do phonons and charge carriers transport contribute to the resulting 

thermal diffusivity? In a solid, thermal conductivity K and thermal diffusivity D can be 

separated into the two parts:   

𝜋𝜋 =
𝐾𝐾
𝜌𝜌𝜌𝜌

=
1
𝜌𝜌𝜌𝜌
�𝐾𝐾𝑒𝑒 + 𝐾𝐾𝑝𝑝ℎ�                                          (4.1) 

where Ke represents the part of K contributed by the transport of free charge carriers 

and Kph represents the part contributed by the transport of phonons. For 𝐾𝐾𝑒𝑒, it can be 

roughly estimated by Wiedemann-Franz (WF) law 

𝐾𝐾𝑒𝑒 = 𝜎𝜎𝜎𝜎𝛻𝛻,                                                        (4.2) 

and, 

𝜎𝜎 = 𝑅𝑅(𝑎𝑎𝜇𝜇𝑒𝑒 + 𝑒𝑒𝜇𝜇ℎ)                                              (4.3) 

where, 𝜎𝜎  is the electrical conductivity, 𝑎𝑎  and 𝑒𝑒  are the electron and hole 

concentration , 𝜇𝜇𝑒𝑒  and 𝜇𝜇ℎ  are the mobilities of electrons and holes, and  𝜎𝜎 =

2.44 × 10−8𝑊𝑊Ω𝐾𝐾−2 is the Lorenz number. T is the absolute temperature. The WF law, 

in principle, only apply to metals, but we adopt the WF law here just to estimate the 

relative contribute to D arising from free charge carriers and phonons. For most organic 

semiconductors, charges mobility is about 10-5 to 10-2 cm2V-1s-1. In the dark, free charge 

carriers are absent. All heat conduction is contributed by phonons. For solar cell 

applications, free charge carriers are generated by 1 sun illumination. Under room 

temperature, T=298K, assuming total carrier concentration is equals to number of 
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photons absorbed by the film per unit volume, which is about 1019cm-3, then 𝜎𝜎 and Ke 

are in the order of 10-5 to 10-2S/cm and 10-11 to 10-8Wm-1K-1, which correlates to a D 

value of about 10-5 to 10-2mm2/s. So, free charges carriers contribute very little to the 

thermal transport in organic semiconductors. Most of the heat transferred is carried by 

phonons, irrespective of the illumination condition. 

 

 

 

Material Dexp. (mm2/s) 

PEDOT:PSS 0.34 ± 0.07 
P3HT (annealed at 45oC until dry) 

P3HT (slow drying at room temperature) 
1.06 ± 0.20 
4.39 ± 0.65 

PCDTBT 0.83 ± 0.04 
PTB7 1.07 ± 0.10 

PTB7-Th (PCE10) 1.33 ± 0.13 
PBDB-T 1.62 ± 0.20 

PBDB-T-2F (PM6) 2.23 ± 0.28 
MDMO-PPV 0.77 ± 0.06 

N2200 1.00 ± 0.13 

Table 4.3 Experimental thermal diffusivity values of some polymers for photovoltaic 
applications. 
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Figure 4.3 Chemical structure of (a)PEDOT:PSS, (b)P3HT, (c)PCDTBT, (d)PTB7, 
(e)PTB7-Th, (f)PBDB-T, (g)PBDB-T-2F, (h)MDMO-PPV, (i)N2200 

 
Figure 4.4 Thermal diffusivity of photovoltaic polymers with different stacking state 
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Figure 4.5 (a) raw data of SPD measurement and (b) plot of dn against 1/�𝑓𝑓 for a 
PCDTBT film 

 

PCDTBT 

PCDTBT 
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We just established that heat transfer in semiconducting polymers is primarily 

controlled by phonons. But phonons propagation can be influenced by the crystallinity 

of a solid. A tightly bound crystalline solid is expected to facilitate the propagation of 

phonons whereas a loosely bound solid should deter phonons propagation. Here we 

study how the crystallinity influence heat diffusion in photovoltaic polymers. The 

crystallinity is ganged by the 𝜋𝜋 − 𝜋𝜋 stacking distance of a semiconducting polymer in 

a thin film. Four photovoltaic polymers with different polycrystallinity were compared. 

They are PCDTBT, PTB7, PTB7-Th and PBDB-T (Fig. 4.3). Figure 4.6 illustrates plots 

of dn against 1/�𝑓𝑓  of four photovoltaic D-A copolymer solid thin films. The dn of 

different D-A copolymers was normalized by subtracting the y-intercepts. The slopes 

of figure 4.6 relate to thermal diffusivity of the film by √𝜋𝜋𝜋𝜋 as mentioned. Among the 

four polymers, PCDTBT is a 1-D polymer. The two thiophene moiety in the PCDTBT 

could be freely twisted, making the repeating unit of PCDTBT possess multiple 

conformations and resulting in a highly amorphous nature of the PCDTBT [16]. 

Meanwhile, PTB7 is also a 1-D polymer but is more crystalline than PCDTBT. PTB7-

th is a derivative of PTB7. The two oxygen atoms in the PTB7 repeating unit is replaced 

by two phenyl groups to form PTB7-th, resulting in higher molecular planarity of the 

repeating unit, possessing stronger π − π  interaction and better crystallinity. For 

PBDB-T, the 3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl) moiety in 
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PTB7-th is replaced by a more planar 5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-

ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione moiety. Such replacement 

further enhances the planarity of the repeating unit and the crystallinity of the polymer. 

So, from low to high, according to molecular planarity, π − π  stacking and 

crystallinity, the four polymers can be ranked in the order of PCDTBT < PTB7 < PTB7-

Th < PBDB-T. The slope in figure 4.6 shows that, among the four polymers, PCDTBT 

which is the highly amorphous possess the smallest slope of 1.59mm/s0.5, correlating to 

a thermal diffusivity of 0.83mm2/s. Meanwhile, for the most crystalline polymer, 

PBDB-T, the largest slope of 2.26mm/s0.5 is obtained, which correlates to the highest 

effective thermal diffusivity of 1.62mm2/s. We can observe that when a semiconducting 

polymer is more planar, possessing stronger π − π stacking and better crystallinity, 

the slope of relative dn against 1/ �𝑓𝑓  plot would be larger. It shows organic 

semiconductor with better crystallinity would process better thermal diffusion.  

 

Figure 4.6 Normalized dn against 1/�𝑓𝑓 for four different photovoltaic polymers 
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Figure 4.7 (a) GIWAXS data and (b) D vs π − π stacking distance for four different 
photovoltaic polymers: PCDTBT, PTB7, PTB7-th and PBDB-T, note that the literature 
𝑑𝑑𝜋𝜋−𝜋𝜋 of PTB7 is adopted from Ref. 22 
 

To further illustrate the relation between thermal diffusivity and the crystallinity 

of semiconducting polymeric films, we made correlation between thermal diffusivity 

and π − π stacking distance dπ-π of polymers. π − π stacking distance is a measure 

of how close the molecules stack with adjacent molecules by π − π  interaction. It 
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should be a good indicator for the orderliness and crystallinity of a system. When a 

system possesses shorter π − π stacking distance, higher crystallinity can usually be 

observed [17]. Hence, if thermal diffusivity is related to crystallinity of semiconducting 

polymers, then an inverse relation between thermal diffusivity and π − π  stacking 

distance can be expected. To obtain dπ-π, GIWAXS measurements were conducted. 

Figure 4.7a shows raw GIWAXS data for the four different polymers. The π − π 

stacking distance can be calculated from the 𝑞𝑞(010)  peak position in GIWAXS 

measurement by |𝑞𝑞| = 2𝜋𝜋/𝑑𝑑 , just as explained in chapter 2.3. The GIWAXS 

measurements were performed by our collaborators in South China University of 

Technology. Figure 4.7b shows how D varies with 𝑑𝑑𝜋𝜋−𝜋𝜋 . For PCDTBT, the 

semiconducting polymer with lowest D value among the four polymers, its 𝑑𝑑𝜋𝜋−𝜋𝜋 is 

0.405nm, which is the longest. On the other hand, for PBDB-T, it has the highest D and 

its 𝑑𝑑𝜋𝜋−𝜋𝜋 is 0.359nm, which is the shortest among all four materials. A clear inverse 

relation between thermal diffusivity and π − π  stacking distance can be observed.  

Table 4.4 is a summary of the correlation between D and 𝑑𝑑𝜋𝜋−𝜋𝜋. 

 

 Stacking state 𝑑𝑑𝜋𝜋−𝜋𝜋 (nm) D (mm2/s) 

PCDTBT Amorphous 0.405 0.83 
PTB7 1-D 0.402[22] 1.07 

PTB7-Th 2-D 0.387 1.33 
PBDB-T 2-D 0.359 1.67 

Table 4.4 Relationship between the stacking state, 𝑑𝑑𝜋𝜋−𝜋𝜋, and D values for PCDTBT, 
PTB7, PTB7-Th and PBDB-T. 
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4.3.3 Phonon transport and Thermal diffusivity of Bulk-heterojunctions (BHJs) 

consisting electron Donor and Acceptor 

Along with photovoltaic polymers, thermal diffusivity of the BHJ blends 

consisting both organic photovoltaic electron donors and acceptors were also studied in 

this thesis. BHJs form the active layers of organic photovoltaic cells. The electron donor 

of the BHJs is the photoactive semiconducting polymers studied in the previous section. 

They absorb photons and generate hole-electron pairs, i.e. the excitons. These excitons 

will diffuse to the donor and acceptor interface and dissociate here. Then electrons will 

transport to the acceptor. Traditional acceptors are usually small molecules. Recently, 

new polymeric acceptors are being invented for fabricating all-polymer solar cells. 

Figure 4.8 shows chemical structures of the acceptors we used to form BHJs with their 

partner donor polymer (Fig. 4.3).  

 

BHJs (D:A weight ratio) 𝜋𝜋𝑒𝑒𝑥𝑥𝑝𝑝 (mm2/s) 

PBDB-T:ITIC-M (1:1) 0.062 ± 0.061 
PTB7-Th:PC71BM (1:1.5) 0.18 ± 0.03 

PBDB-T-2F:Y3 (1:1.5) 0.027 ± 0.02 
PBDB-T-2F:Y11 (1:1.5) 0.33 ± 0.06 
PBDB-T-2F:Y18 (1:1.5) 1.91 ± 0.11 
P3HT:PC60BM (1:1.5) N.A. 

PTB7-Th:N2200 (1:0.3) 1.03 ± 0.25 
PBDB-T:N2200 (1:1) 1.64 ± 0.16 

Table 4.5 Thermal diffusivity of common bulk-heterojunctions probed by SPD 

technique 
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Figure 4.8 Chemical structures of acceptors (a) ITIC-M, (b)N2200, (c)PC60BM, 
(d)PC71BM 
 
 

A total of eight BHJs were investigated for their heat diffusion capabilities Table 

4.5 summaries their heat diffusion data. Compared to the data listed in Table 4.3 

(pristine polymers) in chapter 4.3.2, thermal diffusivity of BHJ films are usually lower. 

Take the BHJ film of PBDB-T:ITIC-M (1:1) as an example. The thermal diffusivities 

of neat PBDB-T polymer film and neat ITIC-M small molecular film are 1.62mm2/s 

and 0.65mm2/s, respectively. However, when they are mixed to form BHJs in a 

donor:acceptor weight ratio of 1:1, the thermal diffusivity drops to 0.062mm2/s. There 
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is a net 96% drop in D compared to the thermal diffusivity of neat PBDB-T film and a 

90% drop compared to the D value of neat ITIC-M film. 

 Another example is PTB7:PC71BM bulk-heterojunctions. For neat PTB7 film, 

its SPD-derived thermal diffusivity is 1.07mm2/s. When PC71BM is added into PTB7 

to form PTB7:PC71BM BHJ with 1:1.5 donor:acceptor weight ratio, the D value drops 

to 0.18mm2/s, a 83% drop. Such phenomenon can also be observed in P3HT:PC61BM 

BHJs. P3HT is an organic hole transporting and photovoltaic donor polymer with high 

hole mobility (0.12cm2/Vs [18]) and highly crystalline structure [19]. Depending on 

annealing temperature, deposition and drying condition, highly crystalline pristine 

P3HT film can possess thermal conductivity K as high as 4.4Wm-1K-1 reported by Xu 

et al in 2018 [13], which corelates to a D value of about 3.0mm2/s with density 𝜌𝜌 of 

1.10gcm-3 and specific heat capacity 𝜌𝜌 of 1.32JK-1g-1 [20]. In our work, a slow growing 

pristine P3HT film deposited by drop casting and slow drying can achieve a high D 

value of 4.39mm2/s which is even higher than the value reported by Xu in reference 13. 

Under the same deposition and drying condition, the thermal diffusivity of 

P3HT:PC61BM film drops to a level which is out of the low detectable limit of our SPD 

setup. Figure 4.9 shows the SPD signal against yo graph of 3.2𝜇𝜇𝜇𝜇 thick pure P3HT film 

and a 2.7  𝜇𝜇𝜇𝜇  thick P3HT:PC61BM bulk-heterojunction under 6.2Hz modulating 

frequency. When PC61BM, a fullerene derivative with high electron mobility 
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(0.21cm2/Vs [19]) and a ball like molecular structure, just as shown in figure. 4.8c, was 

introduced into P3HT to form BHJs, the minima in the SPD signal disappeared, even 

when the modulating frequency (f) of pump beam decreases to as low as 4Hz. It is 

proposed that when PC61BM is introduced, the polycrystalline structure of P3HT is 

disrupted. Thus, in the BHJ, heat transfer via phonons transfer in the polymeric P3HT 

channel is disrupted. Simultaneously, heat transfer via PCBM is ineffective as PCBM 

is known to be one of the poorest thermal conductors. Therefore, the entire BHJ of 

P3HT:PC60BM must have an extremely low thermal diffusivity (lower than 0.1mm2/s, 

the detection limit of our SPD setup). The analysis should be applicable to most BHJs 

with polymeric donors and small molecular acceptors as shown in Table 4.5. 

 

Figure 4.9 SPD signal of slow growing P3HT and P3HT:PC60BM film 
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For an all-polymer BHJ with polymeric donor and polymeric acceptor, there is 

no clear reduction in D value. Take PTB7-Th:N2200 BHJs as example. N2200 is an 

electron acceptor. It is a copolymer of bithiophene and naphthalene diimide (NDI) units 

with high electron mobilities up to10-1cm2/V/s [21]. Its molecular structure is shown in 

figure 4.8b. For PTB7-Th and N2200, their experimental D values are 1.33mm2/s and 

1.00mm2/s respectively. When they are blended to form BHJs, the resulting thermal 

diffusivity is 1.03mm2/s, which is close to the thermal diffusivities of neat PTB7-Th 

and neat N2200 film. So, compared to polymer:small-molecule BHJs, the D value of 

all-polymer BHJs is close to the respective D values of its compositional materials. It 

relates to the difference in the phonon transport mechanism in the two different system. 

We can account for the relatively high thermal diffusivity of all-polymer BHJ 

as follows, In such a BHJ, heat transfer is primarily via phonon propagation. From 

elementary kinetic theory, phonons can be considered as a gas. The thermal 

conductivity can be written as 𝐾𝐾 = 1/3𝐶𝐶𝑣𝑣𝑣𝑣 where C is the volumetric energy capacity 

of phonon gas, v is the average velocity and l is the mean free path of phonons between 

two collision. And so, for an insulating solid, thermal diffusivity D can also be 

expressed as  

𝜋𝜋 =
𝐾𝐾
𝜌𝜌𝜌𝜌

=
1
3
𝐶𝐶
𝜌𝜌𝜌𝜌
𝑣𝑣𝑣𝑣                                                   (4.4) 

where 𝐶𝐶/𝜌𝜌𝜌𝜌 is the ratio between volumetric heat capacity of the phonon gas and the 
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volumetric heat capacity of the solid. Therefore, for systems without free charge carriers, 

higher D value indicates greater phonon velocity or longer phonon mean free path. 

According to Huang et al in 2018, intramolecular phonon transport actually is ultrafast 

and intermolecular phonon transport is slow [2]. Faster heat transport indicates that 

intramolecular phonon transport dominates over intermolecular phonon transport. For 

BHJ with small molecular acceptors, due to their molecular dimension, intermolecular 

phonon transport is dominant. Introduction of small molecules into the donor polymer 

(to form BHJ) not only disrupts the polycrystalline structure of the polymer, but also 

increases the probability of intermolecular phonon transport, resulting in the large 

decrease in thermal diffusivity. But, for all-polymer BHJs, the introduction of second 

polymer do not reduce the proportion of intramolecular phonon transport. And so, the 

D value of all-polymer BHJs is close to the D values of its compositional polymers. 

 

 

4.4 Summary 

To conclude, SPD technique was applied to determine thermal diffusivity of 

different types of materials. The reliability of the self-built SPD setup was tested and 

confirmed by the good correlation between experimental D values and literature D 

values for different inorganic materials including conductors and semiconductors. The 
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SPD technique was also applied to determine thermal diffusivities of different 

photovoltaic polymers and bulk-heterojunctions. Figure 4.10 summarizes all the D 

values determined by SPD technique in this study. Compared to inorganic conductors 

and semiconductors, organic semiconductors possess relatively low thermal diffusivity 

which is at around 10-1 to 100mm2/s. It is observed that thermal diffusivity of organic 

semiconductors can be affected by the crystallinity of the film. There is an inverse 

correlation between 𝜋𝜋 − 𝜋𝜋  stacking distance and D values, showing that organic 

semiconducting films with greater crystallinity should possess higher thermal 

diffusivity. Compared to pristine polymeric semiconducting films, bulk-heterojunction 

films usually possess lower thermal diffusivities. The introduction of small molecules 

into a polymer film may disrupt the polycrystalline structure of the polymer and reduce 

the probability of intramolecular phonon transport, resulting in decrease in thermal 

diffusivity. For all polymer BHJs, introduction of one polymer into another polymer 

will not reduce the thermal diffusivity that much, because heat transfer in such a BHJ 

is dominated by intramolecular phonon transport. 
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Figure 4.10 Summary of thermal diffusivities of photovoltaic polymer films and BHJs determined by SPD technique 



93 
 

References 

1. M. F. Ashby, Materials Selection in Mechanical Design (4th ed.), 57-96, (Oxford, 

2011) 

2. C. Huang, X. Qian, R. Yang, Mat. Sci. Eng. R Reports, 132, 1-22. (2018) 

3. J. Reynolds, B. Thompson, T. Skotheim, Conjugated polymers (4th ed.), (CRC 

Press, 2019) 

4. C. Yao, H. Zhang, Q. Zhang, Polymers, 11(1), 107. (2019) 

5. S. Xu, M. Hong, X. Shi, Y. Wang, L. Ge, Y. Bai, Z. Chen et al., Chem. Mater., 

31(14), 5238-5244. (2019) 

6. Z. Ge, Y. Chang, F. Li, J. Luo, P. Fan, Chem. Comm., 54(19), 2429-2431. (2018) 

7. Z. Fan, J. Ouyang, Adv. Electron. Mater., 5(11), 1800769. (2019) 

8. P. K. Kuo, M. J. Lin, C. Reyes, L. D. Favro, R. L. Thomas, D. S. Kim, N. Yacoubi 

et al., Can. J. Phys., 64(9), 1165-1167. (1986) 

9. GmbH, N. (2019). Determining the Thermophysical Properties of Molybdenum. 

Retrieved 5 November 2019, from 

https://www.azom.com/article.aspx?ArticleID=9384 

10. Polycrystalline Graphite — Thermal Conductivity. (2019). Retrieved 5 November 

2019, from https://www.netzsch-thermal-analysis.com/en/materials-

applications/inorganics/polycrystalline-graphite-thermal-conductivity/ 

https://www.azom.com/article.aspx?ArticleID=9384
https://www.netzsch-thermal-analysis.com/en/materials-applications/inorganics/polycrystalline-graphite-thermal-conductivity/
https://www.netzsch-thermal-analysis.com/en/materials-applications/inorganics/polycrystalline-graphite-thermal-conductivity/


94 
 

11. Stainless Steel - Grade 316 (UNS S31600). (2019). Retrieved 5 November 2019, 

from https://www.azom.com/article.aspx?ArticleID=863 

12. Stainless Steel - Grade 304 (UNS S30400). (2019). Retrieved 5 November 2019, 

from https://www.azom.com/article.aspx?ArticleID=965 

13. Y. Xu, X. Wang, J. Zhou, B. Song, Z. Jiang, E. M. Y. Lee, G. Chen et al., Sci. Adv., 

4(3), eaar3031. (2018) 

14. C. Caddeo, C. Melis, M. I. Saba, A. Filippetti, L. Colombo, A. Mattoni, Phys. 

Chem. Chem. Phys., 18(35), 24318-24324. (2016) 

15. Q. Wei, C. Uehara, M. Mukaida, K. Kirihara, T. Ishida, AIP Adv., 6(4), 045315. 

(2016) 

16. X.Lu, H. Hlaing, D. S. Germack, J. Peet, W. H. Jo, D. Andrienko, B. M. Ocko, Nat. 

Commun., 3(1), 795. (2012) 

17. I. Osaka, K. Takimiya, IOP Conf. Mater. Sci. Eng., 54, 012016. (2014) 

18. P3HT. (2019). Retrieved 5 November 2019, from 

https://www.ossila.com/products/p3ht 

19. X. Shen, W. Hu, T. P. Russell, Macromolecules, 49(12), 4501-4509. (2016) 

20. S. Hiura, N. Okada, J. Wakui, H. Narita, S. Kanehashi, T. Shimomura, Materials, 

10(5), 468. (2017) 

21. H. Yan, Z. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dötz, A. Facchetti, Nature, 

https://www.azom.com/article.aspx?ArticleID=863
https://www.azom.com/article.aspx?ArticleID=965


95 
 

457(7230), 679-686. (2009) 

22. E. Manley, J. Strzalka, T. Fauvell, N. Jackson, M. Leonardi, N. Eastham et al., Adv. 

Mater., 29(43), 1703933. (2017) 



96 
 

Chapter 5 Ternary polymeric acceptor enhances the thermal diffusivity and 

operation stability of a bulk heterojunction of PBDB-T:ITIC-M 

 

5.1. Introduction 

The concept of organic photovoltaic (OPV) was first conceived in 1978 [1]. 

Since then, OPV has attracted growing attentions due to its great potential of realizing 

low-cost, flexible, light-weight and wearable OPV devices [2-5]. In the past 3 decades, 

numerous efforts have been made by researchers to raise the power conversion 

efficiency (PCE) of OPVs from lower than 0.5% [1] to 15% [6]. These efforts include 

synthesizing new materials, optimizing process conditions, and controlling the 

morphology of active layer [7-14]. Among them, the development of non-fullerene 

small molecule acceptors (SMAs) is a significant step to increase the PCE of OPVs. 

One kind of representative SMAs is ITIC and ITIC-derivatives, which boost PCE of 

OPVs to above 15% [6].  

However, there is still a long way to realize the commercialization of OPVs. 

One of the key issues obstructing the practical application of OPV is the stability issue 

[15]. Especially for ITIC based OPVs, its photostability is known to be quite poor [16]. 

As a result, many efforts have been devoted to understand the degradation mechanism 

and operation stability of OPV devices. For example, Xiao et al studied a series of 

Remark: reorganize the presentation such that the reliability part looks more related 
to the thermal diffusivity part, show data to support the D enhancement at 10wt% 
N2200 
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PTB7-Th based OPVs with different acceptors, illustrating that good miscibility 

between SMAs and donor polymer helps for slowing morphology degradation, 

preventing suppression of charge generation, reducing trap states and charge 

recombination [17]. Zhang et al reported that structural incompatibilities between donor 

and acceptor molecules are the reasons for the photoinduced thermal instability of 

PTB7-Th and amorphous PBTZT-stat-BDTT-8 based BHJs [18]. Also, Gasparini et al 

reported that the reduced burn-in effect is the origin for enhanced photostability of 

P3HT:IDTBR non-fullerene BHJs[19]. These works reported the characteristics of 

degraded OPV devices and explained some of the origins of OPV’s instability. In this 

chapter, we provide another possible reason for the operation instability of OPVs. 

Under continuous illumination of light, the OPVs will absorb photons and generate 

excitons. Recombination of excitons can be radiative or non-radiative [20]. During non-

radiative exciton recombination, heat is generated and could be trapped in the area 

being irradiated if the thermal transport of the active layer of OPVs is poor. Such heat 

trapping effect may be harmful to OPVs. And so, prompt heat transfer is essential for 

stable OPV devices. To address this problem, we introduced N2200 polymer acceptor 

into PBDB-T:ITIC-M blends to provide additional paths for heat transport and to 

control the thermal diffusivity of the blends. Light stability tests were conducted on 

PBDB-T:ITIC-M, PBDB-T:N2200 binary devices and PBDB-T:ITIC:N2200 ternary 
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devices to make correlation between thermal diffusivity and light stability. Our result 

shows that thermal diffusivity of PBDB-T:ITIC-M bulk heterojunction could be 

enhanced by introducing N2200 into the blend. The thermal diffusivity of the ternary 

blend is dependent on the dosage of N2200. PBDB-T:(ITIC-M+N2200) with enhanced 

thermal diffusion can enjoy a better operation stability. 

 

5.2. Experimental details 

5.2.1. Thermal diffusivity determination 

SPD technique was used to determine thermal diffusivity of PBDB-T:(ITIC-

M+N2200) ternary blend. The chemical structure of PBDB-T and N2200 is shown in 

figure 4.3, whereas the chemical structure of ITIC-M can be found in figure 4.7. The 

donor and acceptor molecules were first mixed and dissolved into chlorobenzene with 

1 vol% of 1,8-diiodooctane. The concentration of PBDB-T in the solution is 10mg/ml. 

15x5x1mm fused silica (JGS3) was used as substrate, which would first be cleaned by 

deionized water, acetone and propan-2-ol subsequently in an ultra-sonic bath. Then, the 

substrate was applied to UV-ozone treatment for 13mins. After that, the prepared 

solution was drop-casted onto the fused silica substrate. The samples were then stored 

in an N2-filled glove box until being investigated.  

During the SPD measurement, the sample was immersed into perflurohexane 
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which is used as deflection fluid. A 5mW 532nm YAG laser diode mounted on 

motorized linear stage was used as pump beam. It was modulated at different frequency 

by a mechanical chopper. The heat released by the sample was probed by a HeNe laser 

which was parallel to and just above the sample surface. The SPD signal was detected 

by photo-quadrant position sensor. A lock-in amplifier (Stanford Research SR830) 

connecting with mechanical chopper and position sensor was used to compare the 

frequency of the periodic SPD signal and the modulating frequency of the pump beam. 

 

5.2.2. OPV device fabrication 

The device structure of PBDB-T:(ITIC-M+N2200) based OPV is 

ITO/PEDOT:PSS/BHJ/PFN-Br/Al and is shown in figure 5.1a; the energy levels of the 

materials for fabricating the OPVs are summarized in figure 5.1b. The ITO layer, with 

sheet resistance of 15Ωsq-1, was pre-patterned on a glass substrate. It was first cleaned 

by deionized water, acetone and propan-2-ol subsequently in an ultra-sonic bath. The 

substrate was then applied to UV-ozone treatment for 15mins, in order to enhance the 

wettability of PEDOT:PSS solution on ITO. The PEDOT:PSS layer was spin-coated on 

the ITO pre-patterned substrates at 6000rpm for 30s and is annealed at 150oC for 

10mins. After cooling down, the samples were then transferred into an N2-filled glove 

box. About 100nm thick BHJs were casted onto the sample also by spin-coating 
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technique. The solution for fabricating BHJs was prepared one night before the 

fabrication of the OPV devices. The donor and acceptor molecules were dissolved into 

chlorobenze (w/. 1 vol% 1,8-diiodooctance) with D:(A1+A2) weight ratio of 1:1 and 

the concentration of donor material in the solution is 10mg/ml. On top of the BHJ was 

the PFN-Br layer, {poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethylammonium)-propyl)-

2,7fluorene)-alt-2,7-(9,9-dioctylfluorene)]}. PFN-Br was dissolved in methanol with 

concentration of 1mg/ml. The PFN-Br solution was spin-coated at 3000rpm for 30s. 

Finally, thermal evaporation was used to deposit a 90nm thick silver cathode onto the 

sample. 
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Figure 5.1 (a) Device structure of OPVs adopted; (b)energy level diagram of materials 

used for fabricating OPV device in this chapter 
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5.3. Results and discussions 

5.3.1. Polymer acceptor N2200 as the third component to enhance thermal 

diffusion of PBDB-T:ITIC-M bulk heterojunctions 

In chapter 4.3.3, thermal and phonon transport of polymer:SMAs and all-

polymer bulk-heterojunctions were discussed. Thermal diffusivity of polymer:SMAs 

binary blend is extremely low, whereas all-polymer binary bulk-heterojunctions possess 

thermal diffusivities similar to pristine polymer films. Table 4.4 listed the thermal 

diffusivities of PBDB-T:ITIC-M (1:1) and PBDB-T:N2200 (1:1) binary blends. Their 

values are 0.062mm2/s and 1.64mm2/s. So, thermal diffusion of PBDB-T:N2200 (1:1) 

blend is 26 times better than that of PBDB-T:ITIC-M (1:1). In this chapter, we study 

the thermal diffusion of the ternary blends of PBDB-T:(ITIC-M+N2200). Figure 5.2a 

shows the normalized dn against 1/�𝑓𝑓 for PBDB-T:(ITIC-M+N2200) ternary blends 

with different weight fraction of N2200 in the overall acceptor. The total donor to 

acceptor ratio was kept at 1:1. Thermal diffusivity obtained from the slopes of figure 

5.2e is summarized in figure 5.2f. When 10 wt% of N2200 is added into the ITIC-M 

acceptor, the thermal diffusivity increased by an order to 0.56mm2/s. This enhancement 

in thermal diffusivity is consistent with the charge transport data and OPV data from 

Dr. Yin, which shows great enhancement in electron mobility, slightly reduced electron 

energetic disorder, sharp decrease in electron hopping distance and enhanced fill factor  
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Figure 5.2 (a) zero-field mobility, (b) electron hopping distance and (c) electron 

energetic disorder of the PBDB-T:(ITIC-M+N2200) ternary blends under different 

N2200 to ITIC-M ratio acquired by Dr. Hang Yin; (d) Fill-factor of PBDB-T:(ITIC-

M+N2200) ternary OPV devices which is also acquired by Dr. Hang Yin; (e) 

normalized 𝑑𝑑𝑛𝑛  against 1/�𝑓𝑓  of PBDB-T:(ITIC-M+N2200) ternary BHJs with 

different N2200 to ITIC-M ratio, the slope is equals to √𝜋𝜋𝜋𝜋; (f) relation between D 

value and N2200 dosage in the PBDB-T:(ITIC-M+N2200) blends. 
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Such enhancement in thermal diffusivity by the introduction of N2200 polymer 
acceptor as third component is not unique for PBDB-T:ITIC-M based bulk-heterojunctions. 
Similar phenomenon can also be observed in PTB7-Th:(PC71BM+N2200) ternary system. 
Figure 5.xx summarizes the D values of PTB7-th:(PC71BM+N2200) ternary blends with 
different weight percentage of N2200. The total donor to acceptor ratio (D:A ratio) for the 
PTB7-Th:(PC71BM+N2200) ternary blend was kept at 1:1.5 for consistency, although 
optimized D:A ratio for PTB7-Th:N2200 binary blend is 1:0.3 . At first, when there is not 
N2200 in the PTB7-Th:PC71BM blend, the D value is just 0.18mm2/s. Then, the D value of 
the blend keep on increasing with the weight percentage of N2200 until the BHJ becomes a 
PTB7-Th:N2200 binary blend and achieves a high D value of xxmm2/s. Another example is 
the PBDB-T-2F:(IT-4F+N2200) system. For PBDB-T-2F:IT-4F binary system and PBDB-T-
2F:N2200 binary systems, the thermal diffusivity is 0.062mm2/s and xxmm2/s respectively. 
Figure 5.xx illustrates thermal diffusivity of PBDB-T-2F:(Y3+N2200) ternary system under 
different loading of N2200. We can observe that thermal diffusivity of the ternary system lies 
in between the D values of PBDB-T-2F:IT-4F and PBDB-T-2F:N2200 binary systems. And 
the increase in D value is proportional to the amount of N2200 introduced. 

These three examples show that thermal diffusivity enhancement brought by the 
introduction of N2200 polymeric acceptor is universal for polymer:(SMAs+N2200) systems. 
 

of OPV device at 10wt% N2200 as shown in figure 5.2a-d. There may be beneficial 

morphology change for the ternary BHJs at this weight percentage of N2200, but further 

works are required to understand what affects the morphology of the BHJ and results 

in such thermal diffusivity enhancement. This thermal diffusion enhancement at 10wt% 

N2200 is also consistent with the stability data. Details about OPV performance and 

operation stability test will be discussed in chapter 5.3.3. At 30 wt% N2200, the D value 

of the PBDB-T:(ITIC-M+N2200) ternary blend is close to the D value of PBDB-

T:ITIC-M binary blend. After that, further increase in the dosage of N2200 will 

continuously increase the thermal diffusivity of the BHJs. When the percentage of 

N2200 becomes 100 wt%, the BHJs is just a PBDB-T:N2200 all-polymer binary blend, 

which possesses the highest thermal diffusivity of 1.64mm2/s. 

As discussed in chapter 4.3.3, SMAs will disrupt the polycrystalline structure 

and leads to slow thermal diffusion. Introducing N2200 polymeric acceptor in the 

PBDB-T:(ITIC-M+N2200) blend reduces the fraction ITIC-M small molecular 

acceptor. Furthermore, N2200 polymeric acceptor can enhance the chance of 

intramolecular phonon transport and reduce the proportion of intermolecular phonon 

transport in the ternary blend. So, thermal diffusivity of the PBDB-T:(ITIC-M+N2200) 

blend increases with the fraction of N2200.  
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5.3.2. OPVs performances and light stability of the polymer:SMA binary blend 

and polymer:(SMA+N2200) ternary blend 

As shown, thermal diffusivity of the PBDB-T:(ITIC-M+N2200) system can be 

controlled by changing the weight percentage of N2200 polymer acceptor. We believe 

that enhanced thermal diffusion is beneficial for reducing heat trapping. And, reduced 

heat trapping helps for improving the stability of OPVs. To show that higher thermal 

diffusivity of the BHJ layer helps for enhancing the operation stability of OPVs, PBDB-

T:ITIC-M:N2200 and PBDB-T-2F:ITIC-4F:N2200 ternary systems were used as 

examples. The OPV device structure adopted was ITO/PEDOT:PSS/BHJ/PFN-Br/Ag 

as stated in chapter 5.2.2. The OPVs performance under AM1.5G illumination was first 

studied. Then operation stability of the OPVs are evaluated. The OPV devices were 

exposed to a white LED panel with optical intensity of 100mW/cm2 which is same as 

the intensity of AM1.5G solar spectrum. Figure 5.3a&b illustrates the current-voltage 

characteristic of PBDB-T:(ITIC-M+N2200) and PBDB-T-2F:(ITIC-4F+N2200) based 

OPVs under different dosage of N2200. Table 5.1 a&b summarizes operational 

parameters of fresh PBDB-T:(ITIC-M+N2200) and PBDB-T-2F:(ITIC-4F+N2200) 

based OPVs under AM1.5G one-sun illumination. 
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Figure 5.3, J-V characteristic curves of a)PBDB-T:(ITIC-M+N2200) based ternary 

devices and b) PBDB-T-2F:(IT-4F+N2200) based ternary devices* 

 

 

 

* The OPV device data were acquired by Dr. Hang Yin 
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(a) PBDBT:(ITIC-M+N2200) 

N2200 dosage 
(%) 

PCE 
(%) 

Jsc 
(mA/cm2) 

FF 
(%) 

Voc 
(V) 

0 10.2 17.2 65.1 0.913 
2.5 10.7 16.9 70.4 0.900 
5 9.5 15.1 70.1 0.897 
10 9.3 14.8 69.7 0.902 
30 8.5 16.0 60.5 0.881 
50 7.3 14.5 58.3 0.861 
70 6.7 14.2 54.2 0.864 
90 5.6 12.0 56.2 0.828 
100 6.4 12.8 62.2 0.801 

 

(b) PBDB-T-2F:(IT-4F+N2200) 

N2200 dosage 
(%) 

PCE 
(%) 

Jsc 
(mA/cm2) 

FF 
(%) 

Voc 
(V) 

0 12.3 20.9 70.3 0.837 
5 12.2 19.0 76.7 0.822 
10 11.9 19.5 73.8 0.829 
30 11.7 18.5 74.3 0.846 
50 7.8 14.9 60.8 0.854 
70 5.6 13.7 46.5 0.884 
90 5.6 9.9 58.6 0.965 
100 4.7 8.7 56.1 0.967 

Table 5.1 OPV parameters of (a) PBDBT:(ITIC-M+N2200) and (b) PBDB-T-2F:(IT-

4F+N2200) based OPVs with different N2200 dosage 
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Upon the increasing dosage of N2200, these two ternary systems showed similar 

trends. At first, device performance of binary systems (i.e. polymer:SMA and 

Polymer:N2200) were studied. Compared to PBDB-T:N2200 (1:1) solar cell with Jsc of 

12.8mAcm-2,Voc of 0.801V, FF of 62.2% and PCE of 6.4%, PBDB-T:ITIC-M (1:1) 

based solar cell possess a relatively higher Jsc of 17.2mAcm-2, Voc of 0.913V, FF of 

65.1%, resulting in an overall much higher PCE of 10.2%. When 2.5 wt% N2200 is 

added into the PBDB-T:ITIC-M system to form ternary BHJ, the fresh device achieved 

a peak PCE of 10.7% which is due to the enhancement in FF from 65.1% to 70.4%. 

With 10 wt% N2200, a FF close to 70% can still be achieved, but its Jsc reduced to 

14.8mA/cm2, leading to a reduced PCE of 9.3%. Beyond 10 wt% N2200, an overall 

trend that the Jsc and FF of the ternary blends decreased gradually with the increasing 

dosage of N2200, leading to a steadily reduced PCE. Such trend could also be observed 

in PBDB-T-2F:(IT-4F+N2200) system. So, in terms of the performance of PBDB-T-

derivate:(ITIC-derivative+N2200) fresh device , a better PCE can be achieved by 

ternary approach only when the dosage of N2200 is less than 5wt%. Further amount of 

N2200 will reduced the performance of ternary devices.  

However, in terms of operation stability, the thermally more diffusive PBDB-T-

derivative:(ITIC-derivative+N2200) ternary blends and PBDB-T:N2200 binary blend 

is expected to be more stable than PBDB-T-derivative:ITIC-derivative binary blends, 
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Figure 5.4 The optical spectrum of the white LED module used for the operation 

stability test of OPV devices 

 

as higher thermal diffusivity could lead to less heat trapped at the area being irradiated. 

The optical stability of binary and ternary devices under illumination were evaluated. 

The OPV devices were first encapsulated by glass in a glove box which was filled with 

N2. Then, they are exposed under white LED array in ambient. The optical intensity of 

the white LED array is 100mW/cm2, which is the same as the light intensity of 1-sun 

condition. The spectrum of the white LED array can be found in figure 5.4, which is 

not like the optical spectrum of 1-sun simulated condition. In figure 5.5, devices 
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Figure 5.5 normalized OPV parameters of (a-d) PBDB-T:ITIC-M:N2200 ternary OPVs 

and (e-h) PBDB-T-2F:IT-4F:N2200 ternary OPVs (both with 10wt% N2200) under 

100mW/cm2 illumination as a function of time. 
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performance of PBDB-T based and PBDB-T-2F based binary and ternary blend solar 

cells upon 100mW/cm2 white LED illumination as a function of time are shown. In this 

operation stability test, the weight percentage of N2200 chose for ternary device is 

10wt%. Note that, though 2.5wt% and 5wt% N2200 showed better fresh cells 

performance, their stability is worse than 10wt%. For PBDB-T:ITIC-M binary control 

device, though its initial PCE, 10.2%, is much higher than the initial PCE, 9.3%, of 

PBDB-T:(ITIC-M+N2200) ternary device, it has a much lower operation stability. In 

120 hours, the PCE of PBDB-T:ITIC-M binary control device drops to 5.8% from 

10.2%, with much reduced FF of 45.5%. That is, the PBDB-T:ITIC-M binary BHJ only 

retains only 56% of its initial performance. In contrast, the PBDB-T:(ITIC-M+N2200) 

ternary device can retain 83% of its original performance with smaller drop in PCE 

from 9.3% to 7.8% and small reduction in FF from 69.8% to 62.8%, after 120 hours of 

100mW/cm2 white LED illumination. From figure 5.5, one could also observe three 

characteristics for the degradation behavior of PBDB-T:ITIC-M binary control device. 

1) The degradation of the device is more severe in the first 72 hours. 2) The major cause 

of the reduction in PCE is the decrease in FF; less than 50% of initial FF can be reserved 

after 10 days of illumination. 3) Voc is relatively stable under illumination. For the most 

thermally diffusive PBDB-T:N2200 binary BHJ, its operation stability is even better 

than that of PBDB-T:(ITIC-M+N2200) ternary BHJ. About 90% of initial PCE can be 



112 
 

retained by the all-polymer BHJ after 10 days of illumination.  

Operation stability of PBDB-T-2F:IT-4F binary OPV and PBDB-T-2F:(IT-

4F+N2200) ternary OPV were also tested. Again, 10 wt% N2200 was chose for 

conducting the operational stability test. Like PBDB-T based system, PBDDB-T-

2F:(IT-4F+N2200) ternary blend possess much enhanced operational stability. After 

120 hours of illumination, the PCE of the binary OPV drop to 7.5% from 12.3%, only 

61% of initial PCE can be reserved. However, after the same length of illumination time, 

the ternary device can still possess a PCE of 10.2%. Compared to the initial PCE of 

11.9%, the ternary device reserves 86% of initial PCE. Again, the PBDB-T-2F:(IT-

4F+N2200) ternary OPV shows better operational stability compared to PBDB-T-

2F:IT-4F binary system.  

In this work, we attribute such improvement in operation stability to the 

enhancement of heat diffusion. When the OPV devices is exposed to light, waste heat 

will be generated due to the recombination or relaxation of photogenerated excitons 

and charge carriers. Thermal diffusivity determines how fast the waste heat can be 

removed from the area being illuminated. A large D value can facilitate heat 

dissociation to surrounding, reduces the temperature of BHJ under illumination and 

slows undesirable reactions promoted by high temperature, leading to more stable OPV 

devices. Or conversely, a BHJ with smaller D value will retain heat, raise the 
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temperature and lower the operational stability of the OPV device. According to Koehl 

et al in 2010 [21], stable inorganic solar cells operating under 100mW/cm2 illumination 

intensity and 0~1 m/s wind speed can possess a nominal operation cell temperature Tnoct. 

as high as Tamb.+30oC, where Tamb. is the ambient temperature. Inorganic solar cells are 

made of materials with high thermal diffusivity (101~102mm2/s). If the heat retained by 

thermally diffusive inorganic solar cell is that much, then the heat retained by a 

thermally non-diffusive OPV can be expected to be much more. Such heat trapping 

effect should be harmful to the stability of OPVs 
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5.4. Summary 

To summarize, different amount of N2200 polymer acceptor was introduced to 

control the thermal diffusion of PBDB-T:ITIC-M bulk-heterojunction. Increase dosage 

of N2200 generally presents positive effect on thermal diffusion of the PBDB-T:ITIC-

M blend, because that the N2200 can increase the probability of ultra-fast 

intramolecular phonon transport in the BHJ, which is beneficial for heat transport as 

explained in chapter 4.3.3. PBDB-T:(ITIC-M+N2200) based OPV devices and PBDB-

T-2F:(IT-4F+N2200) based OPV devices were fabricated. Their fresh device 

performance and operation stability were tested. With the introduction of N2200 as the 

second acceptor of the ternary blends, the fresh devices possess slightly poorer 

performance. However, under 100mW/cm2 white LED continuous illumination, ternary 

devices with N2200 showed much enhanced operation stability. Such enhancement in 

operation stability is attributed to the improved thermal diffusion of the BHJ. With 

better thermal diffusion, the BHJ retains less heat and slows down undesirable reactions 

promoted by high temperature. 
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Chapter 6 Conclusion and Outlook 

In this thesis, scanning photothermal deflection technique (SPD) was employed 

to study thermal diffusion of organic semiconductors, including photovoltaic polymers, 

binary bulk heterojunctions (BHJs) consisting electron donors and acceptors.  

The reliability of our home-made SPD setup was confirmed by the good matching 

between the nominal thermal diffusivities obtained from literatures and the 

experimental thermal diffusivities of well-studied inorganic semiconductors and 

conductors. From our SPD experiments, due to low charge carrier mobility and 

disordered nanostructure, photovoltaic generally possess low thermal diffusivities of 

10-1 to 100mm2/s, compared to inorganic semiconductors which have high D values at 

around 101 to 102mm2/s. The D value of photovoltaic polymers positively relates to the 

crystallinity, as an inverse relation between D value and π − π stacking distance was 

observed. The thermal diffusivity of organic semiconductor will even be lower when 

small molecular acceptor (SMA) is mixed with polymeric donor, because of the 

disruption of poly-crystalline nanostructure of the polymer by the SMA and the reduced 

proportion of ultra-fast intramolecular phonon transport. However, when polymeric 

acceptor is mixed with polymeric donor to form BHJ, the reduction in D value could 

be moderate because that the proportion of intramolecular phonon transport is not 

reduced.  



118 
 

Thermal diffusivity determination was also extended to PBDB-T:(ITIC-

M+N2200) ternary BHJs. Introduction of N2200 as the third component can enhance 

the thermal diffusivity of PBDB-T:ITIC-M based BHJs. The enhanced thermal 

diffusivity can be attributed to the enhanced probability of intramolecular phonon 

transport. PBDB-T:(ITIC-M+N2200) based BHJ also showed improved operation 

stability under 100mW/cm2 white LED illumination. Such improvement is attributed to 

the enhancement in D value of the BHJ by the N2200. With better thermal diffusion, 

the BHJ retains less heat and undesirable reactions promoted by high temperature can 

be slowed down. 

Besides applying to photovoltaic polymers and bulk heterojunctions, SPD setup 

for thermal diffusivity determination could have more potential applications. For 

example, it can be applied to study how grain size and composition variation affect heat 

transfer of organometallic halide perovskite thin films. Also, how heat and phonon 

transport influence the performance of quantum dot solar cells and light-emitting diodes 

are still quite limited, which may also be studied by our SPD setup.  

At current stage, lowest measurable D value of our home-made SPD setup is at 

around 0.05mm2/s. And the setup cannot be applied to determine other important 

thermal properties, such as heat capacity and thermal conductivity. So, further 

improvement for the setup can be made. Reducing pump-beam and probe-beam size, 
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installing infrared camera to directly obtain temperature profile of the sample could be 

the possible ways to improve the setup. Pump-beam and probe-beam with smaller size 

can be expected to measure shorter thermal wavelength [1]. And thus, lower thermal 

diffusivity could be measured. The infrared camera can scan a large area in shorter time, 

which may help to make faster measurement. With the infrared camera, and by small 

modifications, our setup can also adopt other techniques for thermal characteristics 

determination, including laser flash method [2] and thermographic method [3]. 
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Appendix - Determination of Pump-Beam Size by Knife-edge Technique 

 

A.1  Introduction 

Scanning photothermal deflection (SPD) technique involves two laser beams, the 

pump-beam and the probe-beam. Among these two laser beams, the determination of 

the size of pump-beam is particularly essential, as the pump-beam size can govern the 

lowest measurable thermal diffusivity of the SPD setup. To make meaningful SPD 

measurement, the waist of the pump beam should be much smaller than the thermal 

wavelength of the sample. Or else, the separation between two minimum points (dn) in 

the plot of normal component of probe beam deflection (𝜙𝜙𝑛𝑛) against pump-probe beam 

offset (y) cannot be observed to measure thermal diffusivity (D). In this thesis, the 

pump-beam size was measured by knife-edge technique. Below, the theory of knife-

edge technique, experimental setup and the obtained pump-beam waist will be outlined. 

 

A.2  Theory of Knife-edge technique 

The intensity of a radially symmetric Gaussian beam (I) can be described by a 

normal distribution, 

𝐼𝐼 = 𝐼𝐼𝑜𝑜 exp �−
(𝑥𝑥 − 𝑥𝑥𝑜𝑜)2 + (𝛿𝛿 − 𝛿𝛿𝑜𝑜)2

𝑎𝑎2
� ,                               (𝐴𝐴. 1) 

where 𝐼𝐼𝑜𝑜 is the maximum intensity at the center of the Gaussian beam, a is the 1/e 
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radius of the beam defined by the distance from the center where the intensity drops to 

1/e of the peak intensity, (xo,yo) denotes the center of the Gaussian-beam and (x,y) is 

any point on the Cartesian plane normal to the propagating direction of the Gaussian 

beam. 

 
Figure A.1 schematic diagram of knife-edge technique 

 

Figure A.1 illustrates the schematic diagram of knife-edge technique. The knife-

edge, or the blade, will first block the pump-beam, such that the transmitted power is 

zero initially. When the knife-edge is pull up gradually in the direction of y, the 

transmitted power, the power received by photodetector, will then be 

𝑃𝑃(𝛿𝛿) = � � 𝐼𝐼(𝑥𝑥,𝛿𝛿)𝑑𝑑𝑥𝑥𝑑𝑑𝛿𝛿
∞

−∞

𝑦𝑦

−∞
                                         (𝐴𝐴. 2) 

which has a solution of [1] 

𝑃𝑃(𝛿𝛿) =
𝑃𝑃𝑜𝑜
2
�1 + erf �

𝛿𝛿 − 𝛿𝛿𝑜𝑜
𝑎𝑎

�� ,                                        (𝐴𝐴. 3) 

where erf is the error function and 𝑃𝑃𝑜𝑜 is the total power of the pump beam. Note that, 

a is the 1/e radius of the Gaussian beam. Some researchers may also interest in the 1/e2 

radius, denoted by 𝜎𝜎, which can be obtained by 𝜎𝜎 = √2𝑎𝑎 



123 
 

A.3  Experimental details 

Figure A.2 and A.3 shows the schematic diagram and the photo of the setup for 

determining beam size. Lock-in technique was applied as shown. The pump-beam 

(2.5mW 532nm YAG laser diode), of which beam waist was interested, was modulated 

by a mechanical chopper (Stanford Research SR540). A small piece of cutter blade 

served as the knife-edge was mounted on a 3D translation stage, such that the y position 

of the blade can be tuned manually. The blade was aligned at the focal point of the focus 

lens of the laser beam. The transmitted power of the laser beam was measured by a 

photodetector (Thorlabs PDA 400 ). Both the mechanical chopper and the photodetector 

were connected to a Stanford Research SR830 lock-in amplifier.  
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Figure A.2 Schematic diagram for the setup of knife-edge measurement 

 

 

Figure A.3 Photo of the setup for knife-edge measurement. 
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A.4  Data analysis 

 

Figure A.4 Signal of knife-edge measurement. The laser beam, of which beam-waist 

was interest, was the pump beam 

 

By applying knife-edge technique, the 1/e radius of our pump-beam was obtained. 

The black data points in figure A.4 are the raw data. The red line shows the fitting of 

the data by using equation A.3. The obtained 1/e radius, a, of the pump beam is 

178.2 ± 0.2µm, i.e. a beam waist of 356 µm. For most organic semiconductors with 

D value at around 1mm2/s, when they were irradiated by pump beam laser with 

modulating frequency of 9Hz, the thermal wavelength is about 1.2mm, which is nearly 

four times larger than the waist of our pump beam. 
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