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Abstract 

 Traps are ubiquitously present in semiconductors. Their presence results in 

ineffective charge transport and thus limited the device performance. For organic 

semiconductors, traps can present intrinsically via structural disorder or extrinsically 

during synthesis or device fabrication. A thorough understanding of traps is important 

to optimize the device performance and material design. This thesis employs two trap 

measurement techniques, photothermal deflection spectroscopy (PDS) and thermal 

admittance spectroscopy (TAS), to investigate the trap density in the materials.  

 The subgap optical absorptions of several high performance bulk-heterojunction 

(BHJ) systems for organic solar cells have been studied by PDS. The charge transfer 

(CT) states are, in particular, looked into detail. CT states are intermediate bound 

electron-hole pairs at the donor/acceptor (D/A) interface of an organic solar cell. The 

dynamics and energetics of CT states are crucial to free charge generation and 

recombination processes. With the help of PDS and external quantum efficiency (EQE) 

measurements, the CT states the delocalized CT states (hot) from the localized CT states 

(cold) are observed and differentiated directly. It is discovered that the localized CT 

states are more pronounced when the acceptor concentration reaches its percolation 

limit. As the acceptor concentration reaches its optimized composition, the intensity of 

these CT states is significantly reduced due to the reduced recombination. Using the CT 
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energies measured from PDS, the open-circuit voltage losses from the BHJs are 

determined. 

 Besides PDS, thermal admittance spectroscopy (TAS) is employed as an 

alternative method to measure the trap densities. TAS measures the frequency 

dependent capacitance response of a semiconductor under a small ac signal excitation. 

This technique is useful to measure the trap depth and trap density of a semiconductor. 

The defect profiles in two classes of materials are investigated, they are perovskite 

compounds and an organic hole transporter with an intentional dopant. The trap density 

are determined by TAS is compared with that obtained by PDS. 
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Chapter 1 Introduction 

 Traps are often present in semiconductors for electronic device applications. The 

presence of these traps are generally considered to be undesirable. Traps can act as 

recombination centres, slow down charge carrier mobilites and suppress current 

densities, and result in negative effects on the device performance and stability. [1,2] 

Traps are difficult to be avoided because they can come from many sources: impurities, 

unintentional doping during processing or change of environmental conditions. [3] 

Therefore, it is important to know about the identities of traps, their energy levels, and 

concentrations, in order to eliminate or passivate them. Occasionally, we can also make 

good use of them such as intentional doping to further enhance the device performance. 

[4] 

 In traditional inorganic semiconductors (e.g. Si, GaAs), traps are well-studied and 

understood. [5] They usually refer to impurities doped into a semiconductor. The 

dopants generate localized states between the valence band and the conduction band. 

These localized states will capture holes or electrons and hinder free carrier transport. 

Moreover, structural defects such as dislocation or missing of atoms will form intrinsic 

defects in a semiconductor and become recombination centres. These defects are 

nowadays well-controlled due to the development of different characterization and 

passivation techniques. 
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 In contrast to the traditional semiconductors, new electronic materials have 

emerged recently to satisfy the needs for new technology applications. Materials for 

flexible electronics are good examples. Two classes of materials, in particular, have 

drawn much attention: organic semiconductors and hybrid organic-inorganic perovskite 

materials. [6,7] These materials possess great potentials in electronic device 

applications. Figure 1.1 shows some electronic devices made by organic 

semiconductors. For the organic semiconductors, organic light-emitting diodes 

(OLEDs) have been successfully commercialized and become one of the leading 

technologies in the display industry. Organic thin film transistors (OTFTs) have reached 

a charge carrier mobility about 20 cm2/V-1s-1 for p-type and 10 cm2/ V-1s-1 for n-type, 

respectively. These mobility values are higher than amorphous silicon. [8] Organic 

photovoltaic (OPV) cells have reached 15.7% power conversion efficiency (PCE) using 

a fused-ring non-fullerene acceptor. [9] Perovskite materials also show rapid 

development on different applications though they are still in the research and 

development stage. [10] Perovskite LEDs with 20.1% external quantum efficiency, 

comparable to OLEDs, have been demonstrated. The highest mobility for perovskite 

TFT is up to 4.5 cm2/ V-1s-1 for p-type and 1.5 cm2/ V-1s-1 for n-type, respectively. [11] 

The highest PCE for single layer perovskite solar cell reaches 23.7%. [9] The research 

history of perovskite as an electronic material is definitely phenomenal.  



3 

 

 

 

 

 

 

 

 

 

Fig. 1.1 (a) Rollable TV with 4K resolution announced by LG in 2019. [12] (b) Mobile 

phone with AMOLED display introduced by Samaung. [13] (c & d) flexible display 

and flexible watch developed by FlexEnable. [14] (e & f) Flexible solar panels installed 

on the façade of a building in Duisburg by Heliatek. The total area of solar panel is 

185m2. [15] 
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 Compared to the inorganic semiconductors, several advantages on organic 

semiconductors and perovskite materials can be seen. [7,16] First, they can be made by 

chemical synthesis. Their physical properties, such as bandgaps and electrical 

conductivities, can be fine-tuned. So, there is a wide variety of choice of material. 

Second, they can be dissolved in organic solvents and coated on different substrates. 

So, large scale roll-to-roll fabrication is possible to reduce the manufacturing cost. Third, 

unlike inorganic semiconductors which require high temperature processing (1500°C 

for Si and 1240°C for GaAs), the processing temperature for an organic semiconductor 

is usually less than 200°C. The energy consumption and thus the cost for making 

devices are much less than inorganic semiconductors. More importantly, they can be 

used to fabricate flexible electronics because they are thin and light-weight.  

 Although organic semiconductors enjoy numerous advantages, our knowledge on 

these new materials is far from enough. For example, major research directions in OPV 

are focused on the material synthesis and device performance. Some challenges such 

as the wide variety of materials makes the processing conditions more complicated. It 

is difficult to have a universal strategy to fabricate high performance solar cells. Every 

new system needs a new formulation recipe, which is currently based on trial and error. 

An unoptimized solar cell may suffer from a high trap density and result in low PCE. 

[17] Furthermore, the degradation mechanism of OPV performance is not well-
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understood though we know it may related to the physical or chemical changes in active 

layer. These changes may originate from subjecting the device to ambient environment, 

elevated temperature, or mechanical stress. [18] Therefore, it is necessary to have 

suitable characterization methods in order to have a complete understanding on the 

device physics. [19] Another problem is related to the open circuit voltage (VOC) loss. 

When excitons are generated in a bulk-heterojunction (BHJ) solar cell, they form a 

charge transfer (CT) state at the donor-acceptor interface. [20] The recombination of 

lowest energy CT state is a major source of loss in VOC, which can account for 0.6 eV. 

Its energetic position is an important parameter to determine the energy loss. [21] 

However, the identification of the lowest energy CT states is difficult as their energy 

levels are far below the bandgap, result in low optical absorption.  
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 In order to characterize traps, many techniques have been developed to detect traps 

in semiconductors. Table 1.1 lists some characterization techniques along with some 

advantages and limitations for each technique. In this thesis, two table top techniques, 

one optical and the other electrical, are chosen for characterizing the organic 

semiconductors. They are photothermal deflection spectroscopy (PDS) and thermal 

admittance spectroscopy (TAS). 

 PDS is a non-contact, high sensitivity technique which is able to measure the 

subgap optical absorption of thin film. The subgap region is typically undetectable by 

the conventional UV-vis spectroscopy since the absorption signals are small. PDS is 

able to reveal the tail states of the material which are related to disorder. The subgap 

absorption is proportional to the trap density of the material which can give some insight 

about the quality of the film. PDS can also identify different subgap features such as 

the CT state, which is an important parameter since it is related to the VOC of an organic 

solar cell. 

 TAS is an electrical probe. It makes use of the fact that defect states contribute to 

junction capacitance in a diode structure. By applying a small ac signal at different 

frequencies and temperatures, trap states will be charged and discharged. This process 

will give rise to the capacitance and therefore can be used to extract the information 

about the trap states including the activation energy and trap density. 
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 This thesis aims at characterizing traps in organic semiconductors by both optical 

and electrical methods. In Chapter 2, a brief introduction about organic semiconductors 

will be given. It will also cover the theoretical basis of the two techniques used in this 

thesis. For PDS, it includes the basic principles, detailed deviation of the thermal 

properties and the beam deflection calculations. The determination of optical bandgap 

(Eg), Urbach energy (EU) and trap density. For TAS, the admittance response of trap 

states and the procedure of getting the trap profile can be reconstructed from the 

frequency dependent capacitance measurements. Chapter 3 gives the experimental 

details, including sample fabrication and the measurement procedures for calculating 

the trap densities. Chapters 4 and 5 are the experimental results and discussions of this 

thesis. In Chapter 4, highly sensitive photothermal deflection spectroscopy (PDS) is 

employed to look at the subgap optical absorption of several OPV BHJ blends at 

different donor: acceptor ratios. The subgap features are compared with other 

spectroscopies to differentiate the localized and delocalized charge transfer (CT) states, 

which are closely related to the energy loss in open-circuit voltage (VOC). The best 

composition for observing the localized CT state is also determined. In Chapter 5, 

thermal admittance spectroscopy (TAS) will be used to as an alternative method to 

measure the trap profile of two classes of materials: perovskite compounds and an 

organic hole transporter with an intentional dopant. The trap density measured by TAS 
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is compared with that measured by PDS to look at the difference between two 

techniques. For the organic hole transporter with an intentional dopant, the dopant form 

trap states and contribute to the capacitance signals. Chapter 6 gives conclusions of 

this thesis. 
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Chapter 2 Basic Principles and Theory 

 2.1 Introduction to organic semiconductors 

 Organic semiconductors are materials containing mainly hydrocarbon in their 

molecular structures. [1] They can be small molecules or polymers. The atoms within 

an organic molecule are bound together by the strong covalent bonds, which are results 

of overlapping atomic orbitals originated from the sp2 hybrid orbitals. Two kinds of 

bonding are then formed: σ-bonds are localized and they bind the carbon atoms together; 

π-bonds are more delocalized over the chain and are responsible for bonding as well as 

the semiconducting properties.  

 Organic semiconductors may form ordered structures with long range orders, or 

disordered structures that lack long range orders. In the latter case, disordered organic 

semiconductors are amorphous. This thesis will focus on amorphous organic 

semiconductors because they are widely used in practical electronic devices. The 

electronic structure of an amorphous organic semiconductor is, therefore, 

fundamentally different from the inorganic counterpart due to the lack of long range 

order. The interactions between organic molecules are weak. Consequently, thin films 

of organic semiconductors have low processing temperatures and can be flexible. In 

fact, amorphous organic semiconductors form solids by aggregation of organic 

materials. The intermolecular bonding typically originate from the weak van der Waal’s 
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force. So, the energy required to displace molecules from their equilibrium positions 

are low.  

 The electronic states of the organic semiconductors are defined by the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO). This is similar to the concept of valance band and conduction band in 

conventional inorganic semiconductors. The energy difference between the HOMO and 

the LUMO defines the energy gap Eg. In organic semiconductors, Eg is often larger than 

2 eV. As a result, the intrinsic free carrier density of an organic semiconductor is low. 

However, an organic semiconductor can be forced to conduct by charge injection or 

photoexcitation. 

 

  2.1.1 Traps in organic semiconductors and their effects on device 

performance 

 Traps are commonly present in organic semiconductors. They can greatly affect 

the device performance and stability. [2] It is, however, difficult to pinpoint the origin 

of traps. They may come from many sources. Structural disorders give rise to broken 

bonds or missing atoms. They are difficult to control. Extrinsically, unintentional 

doping of foreign atoms or molecules during synthesis also creates traps. For the 

introduction of impurities by solvent and raw materials, impurities can be controlled by 
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post treatments such as purification and thermal annealing. Defects may also be 

introduced during device fabrication. They can be reduced with careful handling during 

process.  

It is well-known that the trap density is strongly related to the device performance. 

So, it must be suppressed in order to optimize the device performance. [3,4] If defects 

can be suppressed by a process, means to characterize traps is essential for further 

optimization. The study of traps includes knowledge of the trap density, their energetic 

distribution, spatial location and their effects to the device performance. Traps are 

usually found in the energy states between the HOMO and LUMO where the energy is 

lower than the bandgap, as illustrated in Fig. 2.1. The small optical absorption in this 

region makes the detection of traps difficult. Therefore techniques with high 

sensitivities are required.  
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Fig. 2.1 Schematic diagram of the density of states of an organic semiconductor. [4] 

The energy gap Eg is defined as the energy difference between the HOMO and the 

LUMO. Both shallow and deep traps can be found within Eg. Traps within the vicinity 

of the HOMO and LUMO are classified as shallow traps. Trapped charges here may go 

back to the HOMO and LUMO by the assistance of thermal activation or electric field. 

Compared to shallow traps, the energy required to release an electron or hole from a 

deep trap state to the LUMO or HOMO is much larger. Therefore, deep traps are more 

localized and more likely to form recombination centres. 
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In this thesis, we focus on organic photovoltaic (OPV) materials. Bulk 

heterojunction (BHJ) blend is widely adopted in OPVs. In such a BHJ, the problem of 

short exciton diffusion length can be overcome because an exciton only needs to 

migrate a short distance to an interface and dissociate.[5] The devices are, therefore, 

very sensitive to the morphology and the composition of these BHJ films because these 

factors can affect the exciton diffusion length. Traps can easily form at the 

donor/acceptor interface which will act as recombination centre for carriers. This trap-

assisted recombination will lead to loss in electrostatic potential, photocurrent, and 

ultimately the power conversion efficiency (PCE). [6,7] Furthermore, traps are also 

responsible for hindering the long term stability of the device. When a BHJ device is 

exposed to the ambient, oxygen and moisture may diffuse into the film to form extra 

states. They result in further degradation of the device. Therefore a thorough 

understanding of trap formation is important for optimizing OPV performance.  

In this thesis, we will introduce two methods for trap characterization in organic 

semiconductors. They are photothermal deflection spectroscopy (PDS) and thermal 

admittance spectroscopy (TAS). 
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 2.2 Photothermal Deflection Spectroscopy (PDS) 

The concept of using photothermal deflection technique to determine the small 

optical absorption of the solids was first introduced by Boccara et al.. [8] After that, 

many models and experimental setups were introduced. [9-11] Jackson et al. proposed 

a simple setup and model to measure the absorption coefficient of hydrogenated 

amorphous silicon (a-Si:H) down to 0.6 eV. He also demonstrated how to calculate the 

total defect density in the Si:H by the optical sum rule. [12,13] PDS was then used 

extensively to investigate the absorption coefficients and energy states near or under 

the band edge for different semiconductors materials. [14-21] PDS operated at low 

temperatures was also conducted by using liquid nitrogen as the deflection medium to 

investigate the change of thermal diffusion length and refractive index with temperature. 

[22]  

 PDS was also applied to different organic thin films. [23,24] A. Skumanich and T. 

Gotoh et al. adopted PDS to measure the subgap absorption of organic materials. They 

measured the subgap optical absorption of C60 and some vibronic peaks are observed. 

[25,26] L. Goris introduced PDS to measure the sub band gap absorption phenomena 

of organic photovoltaic BHJ materials of MDMO-PPV and PCBM. By changing the 

BHJ composition, an absorption shoulder appears. The new absorption feature indicates 

that there is an interaction between the two materials. In this work, Goris suggested that 
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the feature originates from the charge transfer (CT) complex. [27] Figure. 2.2 shows 

the PDS spectra of MDMO-PPV, PCBM and MDMO-PPV:PCBM from ref. 27. An 

extra absorption was found at the range of 1.1 to 1.68 eV. This absorption feature was 

absent in pure materials, suggesting the two materials interact with each other to form 

a charge transfer complex. A similar observation was also reported in P3HT:PCBM and 

other polymer:fullerene systems, indicating the CT features are common in organic 

semiconductor materials, and they can be characterized by PDS. [28,29] Recently PDS 

is also used to investigate different organic photovoltaic materials. The studies include 

the influence of different processing conditions to the trap and tail states or the 

degradation of the organic solar cells. [30-35]  

 More recently, our group and others employed PDS to determine the subgap 

absorptions of perovskite materials. [36-40] Perosvkite is found to have a very sharp 

band edge. The corresponding Urbach energy can be low as 15 meV which indicates a 

very low degree of structural disorder. [41] Further studies concentrate on the effect of 

different processing conditions and engineering methods to the film quality. [42,43] 
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Fig. 2.2 PDS spectra of MDMO-PPV (blue), PCBM (red) and MDMO-PPV:PCBM 

(green) from ref. 27. The extra absorption in MDMO-PPV:PCBM is attributed to the 

CT absorption between the two materials. 
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  2.2.1 Basic principle of PDS 

 PDS uses the mirage effect to probe the optical absorption of a material. Figure 

2.3 illustrates the principle of PDS. When a modulated monochromatic light beam 

shines on a flat sample, some of the incident light will be absorbed. Some absorbed 

photons result in heat generation. The released heat will diffuse to the adjacent medium, 

usually a transparent deflection fluid, and produce a refractive index gradient change in 

the surrounding environment. Such a change can be detected by a probe laser beam 

directed parallel to the sample surface. The probe beam will be deflected due to the 

refractive index gradient. Below, we will show how the angle of deflection is 

proportional to the optical absorption. 
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Fig. 2.3 Schematic diagram of PDS. The probe beam is deflected by the refractive index 

gradient change due to heat released from optical absorption of a flat sample. 
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  2.2.2 Thermal properties 

The theoretical model of the heat diffusion was originally derived by Fournier et 

al. [44] Consider a sample with the geometry shown in Fig. 2.4. lf, l and lb are the 

thicknesses of the deflection fluid, sample, and backing, respectively. The sample is 

exposed to the irradiation of a modulated light source with an intensity  

𝐼 =
𝐼0

2
(1 + cos 𝜔𝑡) 

where ω = 2πf is the angular modulation frequency.  

 

 

 

Fig. 2.4 Geometry of the sample to calculate the thermal diffusion equations.  
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By assuming lf and lb are much longer than the length on which the periodic heat 

diffuses, the thermal diffusion equations in the three regions can be expressed as:  

𝜕2𝑇𝑓

𝜕𝑧2
=

1

𝐷𝑓

𝜕𝑇𝑓

𝜕𝑡
 for Region I (0 ≤ z ≤ lf) 

(2.1) 
𝜕2𝑇𝑠

𝜕𝑧2
=

1

𝐷𝑠

𝜕𝑇𝑠

𝜕𝑡
−

𝛼𝐼0𝜂

2𝑘𝑠
 𝑒𝑥𝑝(𝛼𝑧)[1 + 𝑒𝑥𝑝(𝑗𝜔𝑡)] for Region II (-l ≤ z ≤ 0) 

𝜕2𝑇𝑏

𝜕𝑧2
=

1

𝐷𝑏

𝜕𝑇𝑏

𝜕𝑡
 

for Region II (-l ≤ z ≤ 0) 

with the boundary conditions: 

𝑇𝑓(𝑧 = 0)＝𝑇𝑠(𝑧 = 0), 𝑘𝑓

𝑑𝑇𝑓

𝑑𝑧
(𝑧 = 0) = 𝑘𝑠

𝑑𝑇𝑠

𝑑𝑧
(𝑧 = 0), 

𝑇𝑠(𝑧 = −𝑙)＝𝑇𝑏(𝑧 = −𝑙), 𝑘𝑠

𝑑𝑇𝑠

𝑑𝑧
(𝑧 = −𝑙) = 𝑘𝑏

𝑑𝑇𝑏

𝑑𝑧
(𝑧 = −𝑙), 

𝑇𝑓(𝑧 = 𝑙𝑓)＝𝑇𝑏(𝑧 = −(𝑙 − 𝑙𝑏))  

where η is the light-to-heat conversion efficiency by non-radiative de-excitation 

processes, Di = ki/ρiCi is the thermal diffusivity, ki (Wm-1K-1) is the thermal conductivity 

in the region i, ρi is the density, Ci is the specific heat and α is the absorption coefficient 

of the sample. The term 
𝛼𝐼0𝜂

2𝑘𝑠
 𝑒𝑥𝑝(𝛼𝑧)  is the source term originated from optical 

absorption of the sample.  

The boundary conditions state that the temperature at an interface should be the 

same for both sides and there is no energy loss at the interface. These boundary 

conditions are valid for all interfaces and are independent of the number of interface. 

 Equation (2.1) can be solved by performing a Laplace transform on the partial 
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differential equation. Solving the equation give: 

𝑇𝑓(𝑧, 𝑡) = 𝑇𝑠 𝑒𝑥𝑝(−𝜎𝑓𝑧 + 𝑗𝜔𝑡) 

(2.2) 𝑇𝑠(𝑧, 𝑡) = [𝑈 𝑒𝑥𝑝(−𝜎𝑠𝑧) + 𝑉 𝑒𝑥𝑝(−𝜎𝑠𝑧) − 𝐸 𝑒𝑥𝑝(−𝛼𝑧)]𝑒𝑥𝑝(𝑗𝜔𝑡) 

𝑇𝑏(𝑧, 𝑡) = 𝑊 𝑒𝑥𝑝[𝜎𝑏(𝑥 + 𝑙) + 𝑗𝜔𝑡] 

with the following parameters: 

𝑇𝑠 = 𝐸
(𝑟 − 1)(1 + 𝑏)𝑒𝑥𝑝(𝜎𝑠𝑙) − (𝑟 + 1)(𝑏 − 1)𝑒𝑥𝑝(−𝜎𝑠𝑙)

𝐷
+

2(𝑏 − 𝑟)𝑒𝑥𝑝(−𝛼𝑙)

𝐷
 

𝑊 = 𝐸
2(𝑟 + 𝑔) − 𝑒𝑥𝑝(−𝛼𝑙)[(𝑟 + 1)(1 + 𝑔)𝑒𝑥𝑝(−𝜎𝑠𝑙)] + (𝑟 − 1)(1 − 𝑔)𝑒𝑥𝑝(−𝜎𝑠𝑙)

𝐷
 

𝑈 =  𝐸
(𝑟 + 𝑔)(1 + 𝑏)𝑒𝑥𝑝(−𝜎𝑠𝑙) − (𝑟 − 𝑏)(1 − 𝑔)𝑒𝑥𝑝(−𝛼𝑙)

𝐷
 

𝑉 =  𝐸
(𝑟 + 𝑔)(1 − 𝑏)𝑒𝑥𝑝(−𝜎𝑠𝑙) − (𝑟 − 𝑏)(1 + 𝑔)𝑒𝑥𝑝(−𝛼𝑙)

𝐷
 

𝐷 = 𝑒𝑥𝑝(𝜎𝑠𝑙)(1 + 𝑔)(1 + 𝑏) − 𝑒𝑥𝑝(−𝜎𝑠𝑙)(1 − 𝑔)(1 − 𝑏) 

𝐸 =
𝛼𝐼0

2𝑘𝑠(𝛼2 + 𝜎𝑠
2)

 

𝑏 =
𝑘𝑏𝜎𝑏

𝑘𝑠𝜎𝑠
  𝑔 =

𝑘𝑓𝜎𝑓

𝑘𝑠𝜎𝑠
      𝑟 =

𝛼

𝜎𝑠
    

𝜎𝑖 = √
𝑗𝜔

𝐷𝑖
= (1 + 𝑗)√

𝜔

2𝐷𝑖
=

1 + 𝑗

𝜇𝑖
  ∗ 𝑗2 = −1 

σi is the thermal wave number and μi is the thermal diffusion length which indicates the 

length of heat diffused within a period 𝑇 =
1

𝑓
=

2𝜋

𝜔
. 

𝜇𝑖 = √
2𝐷𝑖

𝜔
= √

2𝑘𝑖

𝜌𝑖 𝐶𝑖𝜔
 

 The measurements are usually done by directing a probe laser just above the 

sample surface. Therefore, the temperature field along the probe beam path is both a 

function of the surface temperatures Ts(0) and the term 𝑒𝑥𝑝(−𝜎𝑓𝑧). The latter term is 

the distance between the sample surface and probe beam, which is frequency dependent. 

The complex amplitude of the surface temperature is given by 



27 

 

𝑇𝑠(0) = 𝑈 + 𝑉 − 𝐸 

      =
𝛼𝐼0

2𝑘𝑠(𝛼2+𝜎2)
×

(𝑟−1)(1+𝑏)𝑒𝑥𝑝(𝜎𝑠𝑙)−(𝑟+1)(𝑏−1)𝑒𝑥𝑝(−𝜎𝑠𝑙)+2(𝑏−𝑟)𝑒𝑥𝑝(−𝛼𝑙)

𝑒𝑥𝑝(𝜎𝑠𝑙)(1+𝑔)(1+𝑏)−𝑒𝑥𝑝(−𝜎𝑠𝑙)(1−𝑔)(1−𝑏)
  

(2.3) 

 This complicated equation can be reduced to a simpler one by assuming the 

following two cases: the bulk and coated samples. 

 For a thick film in which the film thickness l is much larger than the thermal 

diffusion length 𝜇𝑖 , the terms 𝑒𝑥𝑝(−𝜎𝑠𝑙) → 0  and 𝑒𝑥𝑝(𝜎𝑠𝑙) → ∞ , the surface 

temperature 𝑇𝑠(0, 𝑡) can be reduced to 

𝑇𝑠(0, 𝑡) =
𝛼𝐼0(𝑟 − 1)

2𝑘𝑠(𝛼2 + 𝜎2)(𝑔 + 1)
𝑒𝑥𝑝(𝑗𝜔𝑡) (2.4) 

 For the case of thermally thin sample,𝜎𝑠𝑙 < 1 → 𝑒𝑥𝑝(±𝜎𝑠𝑙) ≈ 1 ± 𝜎𝑠𝑙,  

𝑇𝑠(0, 𝑡) =
𝛼𝐼0[(𝑟 − 𝑏)(1 − 𝑒𝑥𝑝(−𝛼𝑙)) + 𝜎𝑠𝑙(𝑟𝑏 − 1)]

2𝑘𝑠(𝛼2 + 𝜎2)(𝑔 + 𝑏)
𝑒𝑥𝑝(𝑗𝜔𝑡) (2.5) 
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  2.2.3 Probe beam propagation 

 In a PDS experiment (Fig. 2.3), the hot sample will deflect a probe laser directed 

just above the sample surface. Such a deflection can be used to determine the optical 

absorption of the sample. For a transverse PDS experiment as shown in Fig. 2.3, the 

deflection signal can be written as: [44,45] 

𝜃 = −
1

𝑛

𝑑𝑛

𝑑𝑇
∫ ∇𝑇(𝑟, 𝑡) × 𝑑𝑙

∞

−∞

 (2.6) 

 For one dimensional case, Eq. 2.5 can be rewritten as  

𝜃 = 𝑇𝑟 ∙ 𝐿𝐼 ∙
1

𝑛

𝑑𝑛

𝑑𝑇

𝑑𝑇(𝑧0)

𝑑𝑧
exp(𝑗𝜔𝑡) + 𝑐. 𝑐. (2.7) 

where Tr is the transducer factor of the sensor which depends on the experimental setup 

and the detector used. LI is the interaction length between the heated region (sample 

surface) and the probe beam. 
1

𝑛

𝑑𝑛

𝑑𝑇
 is the temperature coefficient of refractive index for 

the deflection fluid. c.c. denotes the complex conjugate of the deflection signal.  
𝑑𝑇(𝑧0)

𝑑𝑧
 

is the temperature gradient of the film at a distance z0 above the sample surface which 

can be expressed in the form:  

𝑑𝑇(𝑧0)

𝑑𝑧
=

𝑘𝑑 𝑒𝑥𝑝(−𝑘𝑑𝑧0) 𝐼

𝜅𝑑𝑘𝑑 + 𝜅𝑠𝑘𝑠
{

𝐴
−𝛼𝑑/𝑘𝑑

𝛼𝑠/𝑘𝑠

 

Film absorption 

Deflecting medium absorption 

Substrate absorption 

(2.8) 

 In Eq. (2.7), I is the pump beam intensity, A is the absorptance of the film, 𝜅𝑗𝑘𝑗 is 

the refractive index of the thermal wave in the jth medium, αj is the absorption 

coefficient (if any) of the jth medium. 

 The deflection signal, as introduced by Amer et al., [45] can be expressed as the 

following: For large absorbance, αl→∞ and exp(-αl)→0, the signal will become 

saturated and Ssat = C(1-Rf), where C is a constant and Rf (Rb) is the reflectance of the 
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front (back) interface. When the absorbance becomes small, αl<<1 and exp(-αl)→1,  

⟨𝑆⟩ = 𝐶[1 − 𝑒𝑥𝑝(−𝛼𝑓𝑙)] ([(1 − 𝑅𝑓)(1 + 𝑅𝑏)]/(1 − 𝑅𝑓𝑅𝑏)) (2.9) 

 And the absorption signal can be defined as 

⟨𝑆/𝑆𝑠𝑎𝑡⟩ = [1 − 𝑒𝑥𝑝(−𝛼𝑓𝑙)] ≈ 𝛼𝑓𝑙 (2.10) 

 Equation (2.10) is the key result for a PDS experiment. It states that the normalized 

PDS signal is linearly proportional to the absorption coefficient α when the product 

αl<<1. For a semiconductor with a finite thickness l, the condition αl<<1 is generally 

observed when the incident photon energy is less than the energy gap. Thus PDS is an 

almost perfect tool to measure the subgap optical absorption of semiconductors. 
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 2.3 Optical bandgap (Eg) 

 In 1966, Tauc et al. introduced a method to determine the optical band gap of 

amorphous germanium. The method, however, is believed to be quite general and it is 

now widely used for many materials. According to Tauc, near the absorption onset of a 

semiconductor, the absorption coefficient α follows an empirical equation: [46,47] 

where α is the absorption coefficient, hv is the energy of the incident photons, B is a 

constant that depends on the transition probability, n depends on the nature of the 

transition: n = 1/2 for direct allowed transitions and n = 2 for indirect allowed transitions. 

For n = 1/2, according to Eq. (2.11), a plot of (αhν)2 vs. the photon energy will yield a 

straight line, and the x-intercept will give the bandgap of the semiconductor.  

 Figure 2.5 uses a bulk heterojunction of PTB7: PC71BM as an example, assuming 

n=1/2. Between photon energies 1.7 and 1.8 eV, the data follow the Tauc equation. [Eq. 

(2.11)] very well. A linear fit to this region yields an x-intercept at 1.69 eV, which can 

be identified as the optical bandgap of the BHJ of PTB7: PC71BM. Similar plots can be 

made for a wide range of semiconductors to determine their Eg. 

𝛼ℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑔)
𝑛

 (2.11) 
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Fig. 2.5 Tauc plot for bandgap calculation. The sample is PTB7:PC71BM (1:1.5) coated 

on quartz substrate. The red line is the fitting of the straight line in the bandgap region. 

The absorption data were derived from PDS.
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 2.4 Urbach Energy (EU) 

 In 1953, Urbach et al. observed an exponential drop of optical absorption in AgBr 

crystals near the band edge. [48] The same behavior was later observed in other 

crystalline and amorphous materials. [49] Now, it is generally accepted that some 

localized states appear and give rise to the extra absorption at low photon energies. The 

optical absorption near the band tail can be described by: 

where 𝛼0  is the absorption coefficient at bandgap. Equation 2.12 is known as the 

Urbach equation. We note that in order for Eq. (2.12) to be valid, the incident photon 

energy should smaller than Eg. Equation (2.12) implies that the absorption coefficient 

will drop exponentially as the photon energy decreases. A semi-log plot of α vs photon 

energy can be used to extract EU, which is commonly called the Urbach slope. The 

Urbach energy can be used to determine the quantity of localized states near the band 

edge. The smaller is the Urbach energy, the less is the localized state density. Figure 

2.6 shows an example of Urbach energy determination using PTB7:PC71BM. The EU is 

51.1 meV. Table 2.1 compares the EU values for selected BHJs explored in this thesis. 

Semiconductor Eg (eV) EU (meV) 

PTB7:PC71BM (1:1.5) 1.69 51.1 

PTB7-Th:PC71BM (1:1.3) 1.62 33.2 

CH3NH3PbI3  1.59 19.5 

Table 2.1 List of Eg and EU for selected BHJs. The samples were fabricated by S.H. 

Cheung in HKBU. 

 It can be seen that semiconductor systems with better crystallinities processes 

smaller EU (and hence less localized states). The observation is in good agreement for 

the physical interpretation of EU. 

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝑣 − 𝐸𝑔

𝐸𝑈
) , ℎ𝑣 < 𝐸𝑔 

(2.12) 
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Fig. 2.6 Plot of ln (α) vs. hυ for Urbach energy calculation. The sample is 

PTB7:PC71BM (1:1.5) coated on quartz substrate. The red line is the fitting of the 

Urbach slope. The shaded region represents contribution of the subgap states to the 

optical absorption.
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 2.5 Optical sum rule [12,50] 

 Beyond the Urbach region of a semiconductor, residual absorptions still occur. 

Absorptions in subgap region should be absent for a prefect semiconductor. In reality, 

the existence of traps will generate extra absorptions in this region as shown in the 

shaded region in Fig. 2.6. Therefore, one is able to determine the trap density by 

determining the excess optical absorption (𝛼𝑒𝑥) due to traps: 

𝛼𝑒𝑥(𝐸) = 𝛼(𝐸) − 𝛼𝑈(𝐸) (2.13) 

In Eq. (2.13), 𝛼(𝐸) is the absorption coefficient from PDS measurement, and 𝛼𝑈(𝐸) 

is the computed absorption coefficient using Eq. (2.12). The trap density Ns can then be 

calculated by the optical sum rule: [12] 

where c is the speed of light, n is the refractive index of the material measured, μ is the 

effective mass of electron, e is the elementary charge and ℏ is the Planck constant.  

In Fig. 2.7 we demonstrate how to apply Eq. (2.13) and (2.12) to calculate trap densities 

in BHJs with different donor-to-acceptor ratios. [51] Figure 2.7 shows a set of PDS 

spectra of PTB7:PC71BM at different D:A ratios. The band edges are cut-off by Eq. 

(2.13) and areas shaded in blue are considered as the excess optical absorption from 

trap states. Together with the constants in the pre-factor in Eq. (2.14), the integrated 

areas are used to compute the trap density for each sample. Figure 2.8 shows the change 

in trap densities at different D:A ratios. The calculated values are cut-off by the pure 

PTB7 in order to concentrate on the effect of fullerene addition. The trap densities are 

then compared with the fill factors of OPV devices. We can see that the trap densities 

Ns=
cn𝜇

2𝜋2𝑒2ℏ
∫ 𝛼𝑒𝑥(𝐸)𝑑𝐸

𝐸𝑔

0

 (2.14) 
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of the BHJs are anti-correlated with the fill factors of the OPV cells. This result shows 

the device performance of an OPV cell is directly related to the trap density. Detailed 

analysis can be found in ref. 51. 

 

Fig. 2.7 PDS spectra of PTB7:PC71BM BHJs at different D:A ratios. The area shaded 

in blue are considered as trap states. [51] 

 

  

Fig. 2.8 Relationship between trap density calculated by PDS and the fill factor of the 

OPV performance. [51] 
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 2.6 Thermal admittance spectroscopy (TAS) 

 Thermal admittance spectroscopy (TAS) probes the frequency dependent 

capacitance response of a semiconductor under a small ac signal excitation. This 

technique was first proposed by Walter et al. to investigate the defect distribution of 

Cu(In,Ga)Se2 based heterojunction. [52] TAS is now widely used to characterize the 

trap state density in different materials such as nanocrystals and small molecules. [53-

56] Recently TAS has also been employed to study semiconducting polymers and BHJ 

materials for organic solar cells [57-60] and perovskite materials. [61-63] 

 When TAS is applied to organic semiconductors, the mobility of the film plays an 

important role. Wang et al. and Xu et al. investigated the validity of TAS in organic 

semiconductors and found that the analysis of the trap states will be greatly affected if 

the mobility of the BHJ material is too low. The measured signal will be dominated by 

the dielectric relaxation. The calculated attempt-to-escape frequency as well as the trap 

depth will be underestimated. A limit in the hole mobility of 10-4 cm2/(Vs) is proposed 

in order to produce a reliable admittance measurement. [64,65] 
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  2.6.1 Admittance Response of trap states 

 In principle, TAS is applicable to any diode-like device, including solar cells. 

Figure 2.9 shows the band diagram of a p-doped device with the active layer 

sandwiched by two electrodes. The device is under dark and equilibrium (zero voltage 

bias) conditions. If the trap states energy cross the Fermi level energy EF, they can be 

charged and discharged by an ac signal. [66] When a small ac signal with angular 

frequency ω = 2πf is applied to the junction, the band bending will be changed and 

result in change in the trap state occupation, which will contributes to the junction 

capacitance [metal-semiconductor interface of bulk layera or the the i layer (depletion 

region) of the n-i-p junction]. Whether the trap state contribute to the junction 

capacitance or not is defined by the angular frequency of the applied ac signal. [67] If 

the applied frequency is higher than the emission rate of the trap state, the trap states 

cannot charge up and discharge. Thus they do not respond to the applied ac signal and 

will not contribute to the total capacitance. On the other hand, if the signal frequency is 

lower than the emission rate, the trap states can respond to the applied signal and result 

in an increase in capacitance. Thus the measured frequency dependent capacitance C(ω) 

can be divided into two components: 

𝐶(𝜔) = 𝐶𝑑 + 𝐶𝑡(𝜔) (2.15) 

Cd is the depletion capacitance which is frequency independent; Ct(ω) is the frequency 

dependent capacitance contributed by the trap states.  

 Consider the case of hole traps, the change in the occupation of a trap is governed 

by the capture coefficients βp and the depth dependent emission rate ep. The capture rate 

of the unoccupied trap state can be expressed as: 

𝛽𝑝 = 𝜎𝑝〈𝑣𝑡ℎ〉𝑝 (2.16) 
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where 𝜎𝑛  is the capture cross section, p is the free hole density with       𝑝 =

𝑁𝑉𝑒𝑥𝑝 (−
𝐸𝐹−𝐸𝑉

𝑘𝑇
). NV is the density of states of valance band or HOMO, EF is the Fermi 

level of the semiconductor, EV is the energy level of valance band or HOMO, kT is the 

thermal energy, and <vth> is the root mean square thermal velocity. In thermal 

equilibrium, the capture and emission of electron and hole should be the same. 

Therefore for holes, 

𝑒𝑝𝑛𝑡 = 𝛽𝑝(𝑁𝑇 − 𝑛𝑡) (2.17) 

where ep is the emission rate of holes, NT is the total trap density and nt is the occupied 

trap density. The occupancy of trap states in thermal equilibrium should follow the 

Fermi-Dirac distribution function: 

𝑛𝑡

𝑁𝑇
=

𝛽𝑝

𝛽𝑝 + 𝑒𝑝
= [1 + 𝑒𝑥𝑝 (

𝐸𝑇 − 𝐸𝐹

𝑘𝑇
)]

−1

 (2.18) 

Equation (2.18) can be rewritten as: 

𝑒𝑝 = 𝜎𝑝𝑣𝑡ℎ𝑁𝑉𝑒𝑥𝑝 (−
𝐸𝑇 − 𝐸𝑉

𝑘𝑇
) (2.19) 

Therefore the thermal emission rate becomes: 

𝑒𝑝 = 𝜎𝑝𝑣𝑡ℎ𝑁𝑉𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝑇
) = 𝜉𝑇2𝑒𝑥𝑝 (−

𝐸𝐴

𝑘𝑇
) = 𝜔0𝑒𝑥𝑝 (−

𝐸𝐴

𝑘𝑇
) (2.20) 

where EA is the activation energy of the trap states with respect to the valance band 𝜔0 

is the attempt-to-escape frequency. Here 𝑣𝑡ℎ and 𝑁𝑉 are temperature dependent with 

𝑣𝑡ℎ ∝ 𝑇1/2  and 𝑁𝑉 ∝ 𝑇3/2 . Therefore 𝜉  is defined as the temperature independent 

attempt-to-escape frequency. [68]  
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Fig. 2.9 Illustration of the band bending of a p-doped Schottky junction active layer 

with a trap state at energy level ET. The device is composed of the active layer 

sandwiched by the electrodes. Eω is the deepest level that can be detected at a given 

temperature and frequency.  
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 For a low enough angular frequency, all the trap states between the mid-gap and 

Fermi level are able to respond to the ac signal. In reality, only those trap states within 

certain demarcation energy range can contribute to the admittance. Such demarcation 

energy Eω can be deduced from Eq. (2.20): 

𝐸𝜔 = 𝑘𝑇𝑙𝑛 (
𝜔0

𝜔
) (2.21) 

Here, ω is the angular frequency of the applied ac signal. This demarcation energy 

defines the energy level, relative to the HOMO (ω=ω0), that can respond to the ac signal 

at a given temperature and angular frequency.  

Taking the derivative of the capacitance-frequency curves, the trap density of state 

NT(Eω) can be reconstructed by the following equation: 

𝑁𝑇(𝐸𝜔) = −
𝑉𝑏𝑖

𝑞𝑊

𝑑𝐶

𝑑𝜔

𝜔

𝑘𝑇
 (2.22) 

where Vbi is the built-in voltage of the semiconductor and W is the depletion width of 

the junction. The total trap can be found by fitting a Gaussian fit and integrate the entire 

plot. 

 In Fig. 2.10, we summarize the flow of reconstructing the trap density profile of a 

semiconductor by TAS. By measuring the capacitance versus frequency spectrum at 

different temperatures (i), the characteristic frequencies at each temperature can be 

found by the derivative of the capacitance with respect to the applied frequency 
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(−𝑓
𝑑𝐶

𝑑𝑓
 𝑣𝑠 𝑓) (ii). With the characteristic frequencies ωc, an Arrhenius plot (ln(ωc) vs 

1/T) can be used to determine EA and 𝜔0, where the slope gives the activation energy 

and the y-intercept gives the attempt-to-escape frequency (iii). These values can be used 

to determine the demarcation energy by Eq. (2.21) and the trap profile can be evaluated 

by Eq. (2.22) (iv).  
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Fig. 2.10 Flow of reconstructing the trap density profile by TAS. 
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Chapter 3. Experimental details 

 3.1 Photothermal deflection spectroscopy  

  3.1.1 PDS sample preparation  

The samples to be investigated were fabricated on 1 mm thick quartz substrates 

with surface area 5×15 mm2. The substrates were cleaned by deionized water and 

acetone using ultrasonic bath. They were then treated by the UV-ozone (Jelight UVO 

cleaner, Model 42-220) for 13 minutes to remove any organic contaminates and lower 

the work function of the substrate so that the solution can wet on them. The quartz 

substrates were then transferred to a N2 filled glovebox for spin coating. The samples 

were stored in a N2 filled glovebox until measurements were conducted. 

  3.1.2 PDS measurement 

A transverse PDS configuration was used in the experiments. [1] Figure 3.1 shows 

the experimental setup of PDS measurement. A pump beam modulated by the 

mechanical chopper shone on the sample which was placed inside a quartz cuvette filled 

with the deflection fluid. The cuvette was placed on a 3-dimensional linear translation 

stage (Edmund Scientific) for easy alignment. The pump and probe beam were 

perpendicular to each other, with the probe beam directed just above the sample surface 

to measure the temperature gradient. Figure 3.2 shows the photo of the PDS setup.  



49 

 

 

Fig. 3.1 Experimental setup for PDS measurement. 

 

 

Fig. 3.2 Photo of the real PDS setup.  
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In this thesis, perfluorohexane [C6F14, also called FC-72, Strem Chemicals, 98+% 

(85% n-isomer)] was chosen as the deflection fluid. FC-72 is an inert fluid that is highly 

transparent at the wavelength measured. It has a large temperature coefficient of 

refractive index (dn/dT), which can enhance the signal to noise ratio and, most 

importantly, it does not dissolve the organic thin film samples. [2] The refractive index 

and dn/dT of some commonly used deflection fluids are listed in Table 3.1. [3-5]The 

chemical structure and some physical properties of FC-72 are shown in Fig. 3.3 and 

Table 3.2. Carbon tetrachloride (CCl4) is often used as deflection fluid in measuring 

inorganic semiconductors since it has a larger dn/dT, but it tends to dissolve organic 

materials. Therefore, it is not recommended in measuring organic materials, but CCL4 

is compatible with perovskite materials.  

 

Deflection medium Refractive index n 
𝑑𝑛

𝑑𝑇
 (10-4 K-1) 

Perfluorohexane 1.25 - 4.7 [5] 

Carbon tetrachloride 1.46 - 6.1 [5] 

Acetone 1.36 - 5.4 [5] 

Ethanol 1.36 - 4.1 [3] 

Chloroform 1.44 - 5.9 [4] 

Air 1.0 - 0.01 [6] 

Table 3.1 Refractive indices and temperature coefficients of refractive index (
𝑑𝑛

𝑑𝑇
) of 

some common deflection fluids.  
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Fig. 3.3 Chemical structure of perfluorohexane. 

 

Properties Perfluorohexane (C6F14) 

Average Molecular Weight  338 

Boiling Point (1 atm)  56°C 

Density  1669 kg/m3 

Water Solubility  10 ppmw 

Solubility in Water < 5ppmw 

Table 3.2 Physical properties of perfluorohexane. [7,8] 

  



52 

 

A 1 kW Xenon arc lamp (Newport) was used as the pump beam. The output of the 

lamp was directed into a 1/4 m monochromator (Oriel). The wavelength was adjusted 

by using appropriate diffraction gratings and selective long-pass filters to cut off the 

higher order diffractions so that monochromatic light can be obtained. The output power 

of the monochromatic light can be controlled by either adding OD filters or adjusting 

the slit width of the monochromator. By adjusting the slit width, the resolution of the 

monochromator can also be controlled. A smaller slit width gives rise to a higher 

resolution. The choice of gratings and long pass filters at different wavelengths is listed 

in Table 3.3. 

The pump beam was then passed through a mechanical chopper (Stanford 

Research SR540) and focused on the sample. The chopper frequency is typically set to 

13 Hz as it gives a good signal to noise ratio, but it can be adjusted to other frequencies 

subject to the material being measured. Usually, prime number frequencies are used to 

prevent interference from external sources. It should be noted that the chopper 

frequency should not be set too low, or it will suffer from the 1/f noise which is inversely 

proportional to the frequency of the signal. [9] 

The modulated pump beam was focused on the sample surface to heat up the 

sample surface. The surrounding environment will experience a temperature gradient 

which leads to change of refractive index at the interface of sample surface and 
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deflection fluid. Such a change was measured by a HeNe probe laser (JDSU, Model 

1101) directed parallel to the sample surface. The probe beam was focused to maximize 

the deflection signal. The deflection signal was detected by a position sensor made of 

silicon PIN photo quadrant detector (TEMIC S239P) under 6V reverse bias. The 

position sensor and the chopper were connected to a lock-in amplifier (Stanford 

Research SR830). Typical setting of the lock in amplifier is shown in Table 3.4. The 

whole setup was rested on an air-damped vibration isolation table. A sample of un-

normalized PDS spectrum of PTB7:PC71BM (1:1.5 3% DIO) is shown in Fig. 3.4. 

To get good PDS signal, precise alignment and some precautions have to be 

considered. First, the intensity of the pump beam will greatly affect the degree of 

deflection. Since the PDS measures small signals at the subgap region, a large input 

power is needed to prevent the deflection signal from merging with the background 

noise. Second, the initial alignment is usually done at large photon energies where the 

PDS signal and deflection angle are large, when it come to the subgap region where the 

absorption become small, the probe beam may strike on the quartz backing or deflect 

out of the centre position of the position sensor, both will lead to a wrong PDS signal. 

To prevent this, the alignment should be checked without pump beam excitation. At this 

condition, the probe beam should not be blocked by the sample and is pointing at the 

centre of the position sensor.  
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Moreover, the relative position between the probe beam and the sample surface 

can greatly affect the deflection signal. The probe beam should be directed parallel and 

positioned as close as possible to the sample surface. A small deviation can result in a 

dramatic change in the deflection signal. The sample mount is designed in a way that it 

can rotate freely to fine tune the angle between the probe beam and the sample surface. 

The probe beam should be placed as close to the sample surface as possible so that it 

can get the maximum signal.  

The deflection fluid was filtered by a syringe filter before use to remove any dust 

or remaining particle which may scatter the light and generate noise signals. The quartz 

cuvette is sealed by an O-ring to minimize the evaporation of deflection fluid which 

may lead to inconsistency in measurement. To prevent noise from dust and air flow, the 

sample holder and the position sensor were placed inside a plastic box. Electronic 

devices like mechanical pumps and source meters that will generate electrical noises 

are recommended to be shut down during the PDS experiment. 
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Pump beam wavelength (nm) Grating used Long-pass filters 

350 – 600 
1200 lines/mm 

(Oriel, Model 77232) 

Without filter 

600 – 900 
500 nm long-pass filter 

(Oriel, Model 59494) 

900 – 1400 
600 lines/mm 

(Oriel, Model 77234) 

800 nm long-pass filter 

(Oriel, Model 59552) 

1400 – 2000 
300 lines/mm 

(Oriel, Model 77235) 

1250 nm long-pass filiter 

(Reynard Corporation, 

Model R01714-00) 

Table 3.3 Combination of gratings and long-pass filters at different pump beam 

wavelengths. 
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Fig. 3.4 Sample of un-normalized PDS spectrum. The sample is PTB7:PC71BM (1:1.5), 

coated on quartz substrate. 
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Parameter Value 

Time constant 3 or 10 s depends on the signal to noise ratio 

Sensitivity Subject to signal value 

Signal input A – B 

Reverse Normal reserve 

Notch filter Line and 2×line 

Low pass filter slope 12 dB/oct 

Synchronous filter On 

Display R and θ 

Couple ac 

Ground Ground 

 

Table 3.4 Typical setting of the lock-in amplifier. 
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  3.1.3 Pump beam power measurement 

A Xe Arc lamp was used as the light source for excitation. The lamp, however, has 

different output powers at each wavelength. Such wavelength dependence power 

intensity makes the PDS signal resemble the power spectrum. Therefore it is necessary 

to perform normalization to retain the true spectrum. To normalize the PDS signal, the 

power spectrum of the Xe Arc lamp was measured. Figure 3.5 shows the setup of power 

measurement and a sample power spectrum of the Xe arc lamp is shown in Fig. 3.6. 

The peaks in the IR range correspond to the emission lines of Xe. The power of the 

pump beam was recorded by a power meter (Thorlabs S401C), with the same 

measurement condition as the PDS.  
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Fig. 3.5 Experimental setup for pump beam power measurement. 

 

 

Fig. 3.6 Power spectrum of the pump beam. 
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  3.1.4 Normalization of PDS spectrum 

The true/ normalized PDS spectrum can be obtained by dividing the PDS spectrum 

with the power spectrum. Figure 3.7 shows a normalized PDS spectrum. The spectrum 

should retain the information of the film. The features should no longer come from the 

variation of pump beam power, they should come from the absorption of the sample.  

The PDS spectrum can be divided into three regions: 

Region I (band to band region): In this region the PDS signal is saturated due to large 

absorption signals. The spectrum in this region is usually flat and carry no information 

about the film.  

Region II (band tail region): In this region the absorption shows an exponential 

dependence versus the photon energy due to band edge and tail state absorption. The 

disorder-induced tail state absorption can be characterized by the Urbach energy and 

the optical bandgap. Both parameters can be found in this region. 

Region III (subgap region): The absorption in this region is complicated. They may 

arise from: 

(1) Impurities and deep trap states from the material or from processing; 

(2) Overtones and combination bands of fundamental molecular vibration stretching 

vibrations and bending vibrations etc.; and 

(3) Charge transfer states (CT states) in a D:A system. 
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  3.1.5 Transmission measurement  

The normalized PDS signal is a relative absorption value of the material. In order 

to obtain the true absorption value, transmission measurement was done to calibrate the 

PDS spectrum. This calibration can also be done by using other kinds of absorption 

measurements such as UV-vis measurement. Figure 3.8 shows the setup of 

transmission measurement. A photodetector (Thorlabs PDA 400) was used for the 

measurement, then the transmission T is used as the reference point to calibrate the PDS 

spectrum.  

The spectral region for performing the transmission measurement should be 

carefully selected. At high photon energies, the PDS signal will be saturated due to large 

absorbance A of the material under investigation, the signal at this region cannot reflect 

the absorption of the material. At low photon energies, however, the photodetector is 

not able to measure the signal because of the low sensitivity. Therefore both regions are 

not suitable for calibration. In this case, the bandgap region or the Urbach slope was 

chosen for calibration since this region since this region has good linearity which can 

fit both PDS and transmission spectra.  

It should be noted that there are some remaining materials at the back of the quartz 

substrate during spin coating, they have no effect on the PDS measurement. But during 

a transmission measurement, those materials will partially absorb the incident light and 

lead to misinterpretation of the transmission values. The back of the quartz substrate 

should be cleaned with cotton rod before doing the transmission measurement. A 

sample plot of PDS signal versus transmission signal is shown in Fig. 3.9. The 

calibration factor can be determined from the slope and the absorbance can then be 

obtained.  
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Fig. 3.8 Experimental setup for transmission measurement. 

 

Fig. 3.9 Plot of PDS vs transmission for data calibration. The sample is PTB7:PC71BM 

(1:1.5), coated on quartz substrate. The red line is the fitted line. The normalized PDS 

data is divided by the slope to obtain the calibrated absorption values. 
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  3.1.6 Absorption coefficient calculation  

The PDS spectrum should be linearly correlated with the equation: 

1 − 𝑇 = 𝐴 ≈ 1 − exp (−𝛼𝑑) (3.1) 

where α is the absorption coefficient and d is the sample thickness. The reflection R is 

often neglected for organic or polymer materials. In case the reflection loss is not 

negligible, the absorption coefficient should be calculated from the following equation:  

1 − 𝑅 − 𝑇 = 𝐴 ≈ 1 − exp (−𝛼𝑑) (3.2) 

where  𝑅 = (
𝑛1 − 𝑛2

𝑛1 + 𝑛2
)

2

, 
 

n1, n2 are the refractive indices of the deflection fluid and the sample respectively. 

For a small αd, say αd < 0.1, small value approximation can be applied. Eq. (3.1) 

and (1.2) can be reduced to 𝐴 ≈ 𝛼𝑑 , meaning the PDS signal is roughly linear 

dependent with the absorption coefficient.Therefore the absorption coefficient can be 

obtained by dividing the absorbance by the film thickness.
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 3.2 Thermal Admittance Spectroscopy (TAS) 

  3.2.1 Sample preparation 

 Patterned Indium Tin Oxide (ITO) or silicon substrates were firstly cleaned with 

cotton rod to remove dust and residues. Then they were cleaned by deionized water and 

acetone for 20 minutes in ultrasonic bath. After that the substrates were treated with 

UV-ozone (Jelight 42-220 UVO cleaner) for 13 minutes to remove any organic 

contaminant. Depending on the deposition method of the active layer, the substrates 

were either transferred to the glove box for spin coating or to vacuum chamber for 

thermal evaporation.  

 For spin coating of active layer, the materials were dissolved in appropriate organic 

solvents such as chloroform (CF), chlorobenzene (CB) and dimethylformamide (DMF). 

The solutions were filtered with syringe filters before use. The spin coated film were 

put on a hot plate to dry out the remaining solvent and for crystal growth. The thickness 

of the film can be controlled by the concentration of the solution and the spin speed. 

Figure 3.10 illustrates the procedures for spin coating. 
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Thermal evaporation was used for coating metals and organic materials with low 

solubility in solvents. The substrates and materials were put on a sample mount and 

placed inside a vacuum chamber under high vacuum (pressure <10-6 torr). The hot 

source will vaporize the materials and they will condense on the substrate to form thin 

films as shown in Fig. 3.11. Two thermal evaporators were used in the experiments, 

Denton DV-502V was used for coating organic materials and Edwards Auto 306 for 

coating metal electrodes. The coating rate was tuned by adjusting the applied current 

and the film thickness is monitored by a quartz crystal thickness sensor. A shutter was 

used to block the material form coating on the substrates before the coating rate became 

stable. 
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Fig. 3.11 Schematic diagram of thermal evaporator. 
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  3.2.2 Device characterization 

 The device under investigation has a structure of ITO/active layer/metal electrode. 

The device was mounted on a sample holder and put inside a cryostat (Oxford 

Instruments Optistat DN-V) under low vacuum condition (<10 mtorr). Figure 3.12 

shows how the device is mounted in the cryostat. 

 During TAS measurements, a 50 mV ac modulation was applied to the sample 

using the impedance analyzer (Hioki 3532-50 LCR meter) under zero bias. The 

capacitance of the sample under frequency range between 42 and 5 MHz was measured. 

The measured capacitances were recorded by a computer programme and used to 

calculate the trap density and trap depth of the devices. To conduct temperature 

dependent experiment, the sample was mounted on the cold finger of a cryostat (Oxford 

Instruments Optistat DN-V). The temperature of the sample was regulated by a 

temperature controller (Oxford Instruments ITC 502) Liquid nitrogen was used to cool 

down the sample. The sample was shielded from ambient lights to avoid any light-

induced effect. 

 It should be noted that the set temperature on the temperature controller is not the 

actual temperature that the sample is. Therefore temperature calibration should be 

carried out from time to time in order to get the correct temperature. To do so, a thermal 

couple was put into the cryostat, with direct contact to the sample, through the quartz 
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window. The thermal couple was connected to a thermal couple monitor (Stanford 

Research SR630) for recording the actual temperatures. For each temperature step, it is 

recommended to wait for at least 30 minutes before recording the temperature to ensure 

the environment reached thermal equilibrium. Temperature calibration must be carried 

out if the sample mount is changed. 
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Fig. 3.12 Schematic diagram of the setup for thermal admittance spectroscopy. 
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Chapter 4 Observing subgap optical absorption features in bulk-heterojunction 

blends with photothermal deflection spectroscopy† 

 4.1 Introduction 

In this chapter we employ the highly sensitive photothermal deflection 

spectroscopy (PDS) to measure several high performance bulk-heterojunction (BHJ) 

systems and investigate their subgap optical absorptions. We show that some of the 

subgap absorptions originates from the charge transfer (CT) states.  

 

 

Fig. 4.1 Schematic diagram of a CT state in a solar cell. 

 

CT states are intermediate bound electron-hole pairs located at the interface of an 

electron donor (D) and an electron acceptor (A) as shown in Fig. 4.1. [1,2] Such a D/A 

interface is the location of charge generation or recombination in an organic 

                                                        
† The subgap EQE measurements were carried out by Dr. Ho Wa Li in City University of Hong Kong. 

 



73 

 

photovoltaic (OPV) cell. In a bulk-heterojunction (BHJ) solar cell, CT states can be 

populated (i) directly by direct optical excitation to the CT band, or (ii) indirectly by 

creating an exciton in the donor or acceptor phase, which migrates to the D/A interface. 

Figure 4.2 shows how CT states can be formed by (i) and (ii). [3] CT states have been 

receiving much attention because their energetics are related to the open-circuit voltage 

(VOC) of an organic solar cell (OSC) and reveal information on the VOC loss. [4-7] 

Recently, several reviews studied the energy budget of the CT state energies in both 

small molecular and polymeric OSCs. [8-11] The maximum energy budget for an 

exciton is referenced to the optical absorption band (ES1 in Fig. 4.2) of the light 

absorbing donor or acceptor materials. The energy of the photogenerated excitons 

undergoes several loss mechanisms to reach the value of open-circuit potential qVOC in 

operation condition. One of the major losses can be attributed to the loss due to energy 

transfer from singlet to charge transfer (CT) excitons at the donor/acceptor (D/A) 

heterojunction (blue arrows in Fig. 4.2), which is around 0.3 - 0.5 eV. [12,13] Another 

energy loss is due to both radiative and non-radiative recombination of excitons or 

dissociated charges, which can be as large as 0.6 eV. [14,15] The resulting energy loss 

can more than 1 eV, which is a great loss compared to 0.3 eV (GaAs) to 0.7 eV (a-Si) 

in inorganic solar cells. [16] In view of the direct correlation between the photovoltage 
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loss and the energy of CT state (ECT), an accurate determination of the charge transfer 

states energy is of utmost importance in understanding the loss mechanisms in OSCs. 

 

 

 

Fig. 4.2 Energy state diagram in a bulk heterojunction (BHJ). CT states can be formed 

by optical absorptions (i) from the S0 to the CT state (S0 → CT) or (ii) from S0 → S1, 

then transfer to CT state. S0 and S1 denote the ground and first excited singlet state of 

the donor polymer.  
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Despite their significances, CT states are difficult to be observed in a BHJ because 

of the weak wavefunction overlap between the donor and the acceptor orbitals across 

the heterojunction, resulting in weak optical transitions. In principle, CT states may be 

probed by optical excitation from the ground state to the CT states. However, due to the 

weak transition from the HOMO of the donor and the LUMO of the acceptor, the signal 

is too weak to be detected using conventional UV-vis absorption spectroscopy. Several 

techniques have been employed to observe CT states. [17-21] The most popular 

approach is to combine the subgap electroluminescence (EL) and photovoltaic external 

quantum efficiency (EQE) measurements to extract the CT states energy. Briefly, 

injected electrons and holes encounter each other at the D/A interface in a BHJ and 

subsequently recombine radiatively, resulting in electroluminescence below the energy 

gap of individual materials. In such an EL experiment, it is assumed that the lowest CT 

state is the dominant route for radiative recombination. The observation of the higher 

lying CT states, however, is difficult due to the fast relaxation of these states to the 

lower lying states. An alternative approach is to measure the photoluminescence (PL) 

signal of the donor-acceptor blend, but the PL signal can be marred by the luminescence 

of the donor material. As proposed by Vandewal et al., the CT states energy can be 

determined by identifying the cross-point between the EQEEL and the EQEPV spectra. 

In such an approach, it is assumed that the charge-transfer process follows the Marcus 
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theory, and the EQEEL and EQEPV spectra have a mirror image relationship. [22,23] 

Therefore, once the sub-bandgap EQEPV is fitted with the Marcus charge transfer 

equation, the EQEEL and eventually the value of ECT can be obtained. Fitting the EQEPV 

in the subgap region provides an indirect method to find out the CT state. This method, 

however, is often quite challenging as the shoulder due to the CT states is narrow or 

even not observable in some systems. 

In this study, we employ PDS to measure the subgap optical absorption spectra of 

several high performance BHJ blends with different D:A compositions. [24] We look 

into the details in one of the systems PTB7:PC71BM. We are able to identify both 

localized (cold) CT states and delocalized (hot) CT states simultaneously from the PDS 

spectra. Features related to the hot CT states are correlated to the EQE data whereas 

features for the cold CT states are generally in agreement with the EL data. We also 

found that at a BHJ composition near the fullerene percolation, the cold CT states 

derived from PDS are most distinct, suggesting that the localized states are severely 

trapped due to the un-percolated fullerene domains. Furthermore, the energetic 

positions of the cold CT states are found to be similar to the low temperature limit of 

the open-circuit voltage of the OSCs. Similar observations are also observed in other 

BHJs including PTB7-Th:ITIC and PCDTBT:PC71BM. 
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 4.2 Experimental Details 

The samples for PDS measurements were fabricated on 1 mm thick quartz 

substrates with surface area 5×15 mm2. The substrates were cleaned by deionized water 

and acetone using ultrasonic bath, then were treated by UV-ozone. Bulk heterojunction 

(BHJ) solutions with different donor: acceptor mass ratios were spin-coated on the 

substrates using the previous recipes for optimized cells. [24-26] The materials used 

were PTB7, PCDTBT, PC71BM, PTB7-Th and ITIC. Their chemical structures are 

shown in Fig. 4.3. The samples were stored in a N2 filled glovebox before 

measurements were conducted. 

When doing the experiment, the sample was immersed in perfluorohexane (FC-

72) which acted as the deflection fluid in a sample holder. A 1 kW Xenon arc lamp 

(Newport) in combination with a 1/4 m monochromator (Oriel) was used as the pump 

beam which was irradiated on the sample. The pump beam was chopped at 13 Hz. 

Optical absorption of the sample leads to heat generation which was subsequently 

probed by a HeNe laser (Uniphase) directed at the sample surface. The PDS signal was 

detected by a quadrant cell position sensor. The position sensor and the chopper were 

connected to a lock-in amplifier (Stanford Research SR830). All the PDS spectra were 

normalized to the incident power of the pump beam. 
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Fig. 4.3 Chemical structures of (a) PTB7, (b) PTB7-Th, (c) PCDTBT, (d) PC71BM, and 

(e) ITIC. 
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 4.3 Results and discussions 

  4.3.1 Reliability of PDS setup 

 To test the reliability of the PDS setup, we measured the quartz substrate to ensure 

the PDS signal originates the sample. Figure 4.4(a) shows the PDS signal of the quartz 

substrate recorded by the lock-in amplifier. In the same plot, a PC71BM film coated on 

quartz is also shown as a comparison. The PDS signals were divided by the incident 

power spectrum to obtain the PDS spectra in Fig. 4.4(b). The PDS spectrum of quartz 

can be regarded as the background signal for our PDS setup. The PDS signal of quartz 

lies within the order of 10-3 and 10-4. The quartz spectrum is always lower than that of 

PC71BM. For a thin film coated on quartz substrate, the portion of heat generated by 

quartz is much smaller. Thus, the absorption of quartz should not affect the upper layers. 

The measured signals should come from the sample of interest instead of background 

noise. A peak at 0.9 eV is found in quartz. This peak is assigned as the first overtone of 

OH stretching vibration (2ν OH). [27,28] The O-H groups can be introduced during the 

manufacturing process. In the PC71BM spectrum, a peak appears at the same position. 

Part of the absorption in this region may contributed by the O-H groups from the quartz 

substrate. However, PC71BM contains methyl group. The first overtone and 

combination band of the methyl group fall in the same spectral range (2ν CH3 + δCH3). 

[27] Therefore, it is believed that the peak at 0.9 eV is a superposition of the O-H 
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overtone form quartz and the C-H overtone from PC71BM. Since our discussion focus 

on the region from bandgap to about 1 eV, this combined peak should not affect our 

analysis and conclusion. 

 

  

 

Fig. 4.4 (a) PDS raw data and (b) PDS spectra of Quartz and PC71BM. The spectra in 

(b) were obtained by dividing the PDS raw data by the incident power spectrum. The 

PDS spectrum of quartz can be regarded as the background signal of the whole 

experimental setup. 
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  4.3.2 Subgap absorption features of polymer, fullerene, and their BHJs 

Figure 4.5 (a) shows two representative PDS spectra of the bulk-heterojunction 

(BHJ) blends of PTB7:PC71BM. Spectra of PTB7:PC71BM at different D:A 

compositions can be found in Appendix I. The photon energies span from about 0.6-

1.85 V. The donor:acceptor weight ratios of the BHJ samples are 1:0.5, and 1:1.5. The 

1:0.5 sample corresponds to a composition in which the fullerene domains are 

undergoing percolation; [24] the 1:1.5 sample corresponds to a composition optimized 

for power conversion efficiencies (PCEs) in the corresponding BHJ solar cells. The 

inset in Fig. 4.5(a) shows how the electron mobilities vary with the fullerene contents. 

[24] The electron mobility increased by 2 order of magnitude before (black arrow) and 

after (red arrow) fullerene percolation. Such an increase suggests that the fullerene at 

low concentration will act as traps and lower the electron mobility of the BHJ blend. In 

Fig. 4.4, we also show the spectra of two control samples, which are the PDS spectra 

of pristine PTB7 polymer [Fig. 4.5(b)] and pristine PC71BM [Fig. 4.5(c)]. For the BHJ 

blends in Fig. 4.5(a), distinct absorption features are present at about 1.5 eV (shaded in 

blue) and in the range 1.0-1.3 eV (shaded in green). These features are not seen in either 

the pristine polymer [Fig. 4.4(b)] or fullerene sample [Fig. 4.4(c)]. Furthermore, the 

two BHJ samples have very different subgap absorption coefficients for photon energies 

below 1.5 eV. Such a difference is attributed to the electron trapping in fullerene before 
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percolation. [24] The 1:0.5 sample has significantly stronger absorptions in the low 

energy range between 0.6-1.4 eV, with strong peaks in the range of 1.0 – 1.3 eV. For the 

1:1.5 sample, the signals within that range are much weaker, and a peak appears at 0.9 

eV which is barely seen in the 1:0.5 sample. In the PC71BM spectrum, a prominent 

absorption peak also occurs at about 0.9 eV, part of the absorption is attributed to C-H 

overtone vibrations as discussed before. [29] C-H overtone vibrations are commonly 

observed in non-conjugated polymers as the excitation of these overtones results in 

localized heat generation. In principle, similar C-H overtone vibrations should be 

present in the PTB7 sample, and yet they do not appear in Fig. 4.5(b). [30,31] Their 

absence suggests that there is pathway for the energy of C-H vibrations to spread out, 

instead of generating localized heat. The energy may couple to the conjugated polymer 

backbones and quenched.  
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Fig. 4.5 PDS-derived absorption spectra of (a) BHJs of PTB7:PC71BM with D:A ratios 

of 1:0.5 and 1:1.5, (b) pristine PTB7, and (c) PC71BM. The inset in (a) is the electron 

mobility (μe) of the BHJ at different fullerene weight contents, x. In this notation, the 

D:A ratio is 1:x. 
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  4.3.3 Assigning non-localized (hot) CT states 

To investigate the nature of the subgap optical absorption, we perform subgap EQE 

measurements on the BHJs. Figure 4.6 shows an example for a BHJ with a composition 

of 1:1.5. In order to compare the PDS and EQE data, the PDS and EQE spectra are 

plotted in the same vertical and horizontal scales. A full scale EQE spectrum can be 

found in Appendix II.  

Above a photon energy of about 1.5 eV, both the PDS and EQE data practically 

overlap with each other. While the EQE signal continues to drop, the PDS signal persists 

below 1.5 eV, indicating most states below 1.5 eV are not able to generate photocurrent. 

It is worth noting that the detection mechanisms between PDS and EQE are 

fundamentally different. The PDS signal is a measure of the amount of heat generated 

by non-radiative recombination, and EQE signal is a measure of the number of charges 

being collected upon photo-excitation. In addition, PDS samples are measured in thin 

film without charge collecting electrodes, and EQE is measured in working solar cell 

devices. Since the EQE signals are obtained via the transport states, the overlap in the 

PDS and EQE data indicate that all photoexcited carriers at energies ≥ 1.5 eV can be 

transported out of the BHJ. The shoulder at about 1.5 eV is present in both PDS and 

EQE (red dashed line). This energy state has non-local character because it is 

observable in EQE and it can be regarded as a “hot” CT state.  
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On the other hand, when the photon energies are smaller than about 1.5 eV, PDS 

and EQE spectra significantly deviate from one another. While the EQE spectrum drops 

rapidly and eventually become undetectable below 1.3 eV, the PDS signal persists 

below 1.2 eV, indicating that photoexcited carriers from these localized states cannot 

be extracted out of the BHJ and measured by the EQE. Since PDS signal originates 

from optical absorption from both localized and delocalized states, the absence of the 

EQE signal indicates the low energy PDS signals arise from the localized states.  

 

 

 

Fig. 4.6 PDS and EQE spectra of a BHJ of PTB7:PC71BM with a D:A ratio of 1:1.5. 

The two spectra practically overlap for a photon energy larger than 1.5 eV. The solid 

squares symbols are electroluminescence (EL) data taken from Ref. 9. The vertical 

dashed lines highlight common spectral features among PDS, EQE, and EL data. 
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  4.3.4 Assigning localized (cold) CT states  

The energetic position of CT states are commonly determined by determining 

the overlap between the subgap EQE and EL spectra. [22] Figure 4.6 shows both spectra 

for the 1:1.5 sample along with its PDS spectrum. Here, the EL spectrum is reproduced 

from Ref. 9. The EL spectrum has a board maximum at about 1.1 eV. The peak overlaps 

with the PDS spectrum features between 1.0 eV and 1.3 eV (blue vertical dashed line). 

Previous experiments suggested that the EL peak is the spectral location of the CT state 

in the PTB7:PC71BM BHJ. [9] In accordance with Figure 4.2, we can, therefore, assign 

the broad PDS features at about 1.0 eV to the direct optical excitation of the CT states, 

which involves optical excitation of an electron from the HOMO of PTB7 to the LUMO 

of PC71BM.  

We note that the EL spectrum in Fig. 4.6 is slightly asymmetric with its 

maximum extending from 0.9-1.3 eV. At the same time, the CT features from the PDS 

spectrum have more features in the same energy range. If there is only one state, the EL 

spectrum should be symmetric. The asymmetric feature indicates the existence of 

multiple states in the energy range of 0.9-1.25 eV. Therefore, we hypothesize that these 

states are the vibrationally excited states of the ground CT state (CT0). According to the 

Franck-Condon principle, vertical transitions are more favorable than the lowest 

vibrational level transition (0 – 0 transition) due to the lowest change of momentum and 
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better wavefunction overlap. As a result, the strongest PDS signal due to CT excitation 

is not necessarily the lowest excited state but some higher vibrionic states. [32] Figure 

4.7(a) – (c) presents additional examples of these low energy features at three D:A ratios 

(1:0.3, 1:0.5, 1:1.5). The absorption spectra were subtracted from their background 

signals by assuming a linear background in each data set. The data were then fitted with 

5 Lorentzians [Fig. 4.7(d) – (f)] which are spaced almost evenly with an energy 

separation of about 62 meV. A logical assignment to these peaks are then the Franck-

Condon transitions from a ground vibrational state to the upper CT states (CTn) with 

different vibrational quanta, where n varies from 0, 1, 2, 3. 

The same argument should also be applicable to hot CT states. The hot CT state 

should not be located at one particular energy position, but a range of energy below the 

exciton band gap. The hot CT state should also consist of a series of vibronic peaks. 

However, in Fig. 4.6 there is no such feature for photon energies >1.5 eV. The photon 

energies of these upper states are expected to be very close to the band gap. So, it is 

very likely that they merge with the band edge. Therefore, it is difficult to distinguish 

the vibronic peaks for hot CT states. 

Although the EL spectrum shows asymmetric feature in the energy range of 0.9-

1.25 eV, no distinct vibronic peaks can be observed like PDS. Luminescence 

experiments like EL can only detect radiative recombination. One should expect the 
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radiative recombination in OPV materials is small. Therefore, the intensity of EL 

spectra are low. Furthermore, the EL signal at a certain photon energy of detection is 

the superposition of all allowed electronic transitions. At room temperature, the 

adjacent peak separations could be small compared to their full width at half maxima 

(FWHM), resulting in a broad peak with limited or no fine features. 

 

 

Fig. 4.7 Low energy CT state absorptions of BHJs of PTB7:PC71BM for three different 

D:A compositions: (a) 1:0.3, (b)1:0.5, and (c)1:1.5. The data were obtained from the 

raw data shown in Appendix I with a linear background substraction. Curves underneath 

the data were Lorentizian peak fits. Five curves were used to fit each data set. (d) - (f) 

shows the peak positions of the Lorentizian fits. The separation of each peak 

(vibrational quanta) is about 62 meV. The low energy peak is assumed to be the spectral 

location of CT0.  
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  4.3.5 Cold CT states intensity and BHJ compositions 

From Fig. 4.7, we can see that the intensity of the cold CT state varies with 

composition. When the fullerene content is low, the cold CT states are more intense 

than the optimized composition (1:1.5) for a solar cell. To investigate this observation 

further, we perform a composition dependence study and measure the ratio of the 

integrated intensities of the CT peaks between 0.9-1.3 eV for BHJs with different 

fullerene contents x, where x is the weight of the fullerene compared to the polymer. 

The integrated cold CT states peak intensity was normalized by the background 

integrated subgap signal. The inset in Fig. 4.8(a) depicts how the normalization is 

performed. Figure 4.8(a) shows the change of the normalized cold CT state intensities 

with different fullerene contents. We can see the cold CT states attain two distinct 

maxima at two different compositions for x = 0.5 and 10, respectively. Between these 

two maxima, a sharp minimum occurs when x =1.5, which corresponds to the BHJ 

optimized composition in the PTB7:PC71BM solar cell. The result suggests that the 

observation of cold CT states are most intense at an acceptor concentration that deviates 

from the composition optimized for PCEs. In view of many reports in the literature 

measure the cold CT states at compositions for optimized PCE, our result explains the 

difficulty of detecting cols CT states in such configurations: not only due to the low 

optical absorption in the subgap region, but also the excitation of the CT states is not 
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effective as the unoptimized regimes. [33-36] 

 

Fig. 4.8(a) Normalized cold CT state peak intensities vs composition of a BHJ of 

PTB7:PC71BM. The inset shows a representative PDS signal. The overall subgap 

absorption is highlighted in yellow and its integrated area is A. The cold CT state 

absorption is in blue, and its integrated area is A. (b) Urbach energies (EU) of BHJs of 

PTB7:PC71BM. EU is obtained by fitting the absorptions just below the energy gap 

using the Urbach equation provided in Chap. 3.  
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To look into the origins of the dependence of the CT state intensities on 

composition, we further analyze the band tails of the BHJs using the PDS data. The 

band tail can be characterized using the Urbach energy (EU) which describes the 

electronic disorder of the BHJs as shown in fig. 4.8(b). [37,38] Details of the fittings 

are given in Chap. 3. For pure polymer, EU = 42 meV. Then, EU increases steadily upon 

the gradual addition of fullerene. The increase of EU in this composition regime 

signifies the increase in electronic disorder upon blending the polymer with the 

fullerene. At composition of about 1:0.5, the Urbach Energy reaches a maximum of 53 

meV. This composition coincides with our recent report in which electrons undergo 

percolation in the semi-continuous fullerene domains, and the electron mobility 

increases by 5 orders of magnitude upon blending [inset of fig. 4.5(a)]. [24] Beyond a 

D:A ratio of 1:0.5, EU reverses the increasing trend and instead reduces slightly to a 

local minimum value of 51 meV for a D:A ratio between 1:1 to 1:3. The reduction of 

EU coincides with the full percolation of fullerene domains in the optimized BHJ, and 

also the compositions at which a BHJ of PTB7:PC71BM is optimized. The data show 

that the degree of disorder in the blend reaches a local minimum value at the optimized 

blend composition. Further increase in the fullerene content lifts EU again. However, 

for pure fullerene, the Urbach energy is only about 32 meV, which is significantly 

smaller than PTB7 or the BHJs. The overall variations of EU in fig. 4.8(b) mimic the 
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variations of the cold CT states intensities shown in Fig. 4.8(a).  

Thus, the overall reduction of EU near the optimized PCE composition suggests 

the following scenario. The energy trapped by the localized CT states can be effectively 

coupled to the connected fullerene domains and/or the polymers. At the optimized 

composition, polymer and fullerene form a bicontinuous network. The energy trapped 

by the localized CT states can be released through the polymer/fullerene network and 

dissipate effectively, resulting in a relatively low CT state intensity in the PDS spectrum. 

However, when the composition has a reduced fullerene content close to the electron 

percolation limit, the fullerene network become discontinuous. The discontinuous 

fullerene domains increase the CT interaction, result in a higher intensity of the CT 

peak. The cold CT peak intensity reaches a local maximum at a D:A composition of 

1:0.5. Similar argument can also be applied for a composition with reduced polymer 

content near the hole percolation limit. In this case, the polymer network become 

discontinuous, and the intensity of the cold CT states reaches a local maximum again 

at a D:A ratio of 1:10 as seen in Fig.4.8(a). 
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  4.3.6 Cold CT states in other BHJ systems 

Our results suggest that cold CT states should have weak PDS intensities in 

optimized BHJs. Intense cold CT states in unoptimized BHJs are indicative that the 

absorbed photon energy does not result in charge separation and is localized in the cold 

CT states, giving rise to heat and lower the PCEs. In some early PDS studies of BHJs, 

there were reports of observations similar to ours, but those reports were largely done 

on less efficient (PCE< 5%) BHJs. [39-41] Broad and intense CT absorption peaks were 

present in those PDS spectra, indicating strong non-radiative recombination in those 

BHJs. In contrast, for the optimized PTB7:PC71BM BHJs presented here, the non-

radiative recombination pathway is much smaller, and hence the CT states are more 

difficult to be observed at the optimized composition. To support this observation, we 

extend our study to two other BHJs with fullerene and non-fullerene acceptors, namely, 

PTB7-Th:ITIC, and PCDTBT:PC71BM. Figure 4.9 show their PDS absorption and 

EQE data. Similar to PTB7:PC71BM, the PDS data of PTB7-Th:ITIC, and 

PCDTBT:PC71BM blends nearly overlap their EQE data at high photon energies, down 

to the middle of the falling band edges at 1.4 and 1.7 eV, respectively. These 

demarcation points allow us to differentiate the cold CT states from the hot ones. Using 

arguments presented above, in the case of PTB7-Th:ITIC, there is a distinct peak at the 

cold CT region at 1.1 eV, as shown in fig. 4.9(b). This cold CT value matches very well 
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with the low temperature limit of VOC at 0K reported. [42]  

For the case of PCDTBT:PC71BMin [fig. 4.9(c)], a small but board shoulder is 

found at about 1.3 eV, this peak also matches with the value of VOC at 0K. Therefore, 

we assign this peak as the cold CT state for the PCDTBT:PC71BM BHJ. We note that 

the intensity of the cold CT state in PCDTBT:PC71BM is much lower than that of the 

other systems investigated. This can be attributed to the high charge generation 

efficiency of PCDTBT:PC71BM at all photon energies larger than CT0. [43] 
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Fig. 4.9 PDS and EQE spectra of 3 commonly used BHJ. (a) PTB7:PC71BM, (b) PTB7-

Th:ITIC, and (c) PCDTBT:PC71BM. The compositions are similar to those used in 

optimized BHJ solar cells. 
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  4.3.7 Relationship between cold CT states and VOC loss 

Besides acting as a non-radiative recombination channel, the cold CT states also 

relevant to open-voltage circuit (VOC) losses in a BHJ cell. Many studies have devoted 

to understanding why VOC is much reduced from the optical gap Eopt. [44-46] The 

reduction of VOC from Eopt can be expressed in the form: [47] 

 qVOC = Eopt − ECT − Erec (1) 

where q is the elementary charge, ECT is the “driving force” loss from splitting the 

photogenerated excitons, and Erec is the recombination losses which can be further 

separated into Erec = Erec,rad + Erec,nr, which are the radiative energy loss (Erec,rad) 

and the non-radiative energy loss (Erec,nr), respectively. The driving force can be 

understood as the energy difference between the singlet energy level of the donor and 

the LUMO level of the acceptor. [48] Equation (1) can be re-expressed as: 

qVOC = ECT − (Erec,rad + Erec,nr) (2) 

where ECT is the spectral location of the cold CT state. For the PTB7:PC71BM blend, 

Eopt = 1.68 eV and ECT = 1.1 eV, and therefore ECT = 0.58 eV. The driving force loss 

matches very well with the energy difference between the singlet energy of PTB7 and 

the LUMO energy of PC71BM. From Eq. (1), we can also deduce Erec = Eopt− ECT − 

qVOC = 1.68 eV− 0.58 eV− 0.78 eV = 0.32 eV. The calculation for the other two systems 

can be found in Table 4.1. Since the CT states below 1.5 eV shows very small EQEs, 
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strong non-radiative recombination should have occurred in this energy range. A recent 

report suggests that the non-radiative losses may arise from intramolecular vibrations 

originated from carbon-carbon bonds along the polymer and is unavoidable. [42] To 

improve VOC, the remaining option then is to increase ECT, and to push the cold CT 

states as close to the band edge as possible. Efforts along this direction are already 

underway. 

 

Sample Eg (eV) ECT (eV) ECT (eV) qVOC (eV) Erec (eV) PCE (%) 

PTB7:PC71BM 1.68 1.10 0.58 0.78 0.32 7.9 [49] 

PCDTBT:PC71BM 1.75 1.32 [23] 0.42 0.92 0.40 5.7 [50] 

PTB7-th:ITIC 1.60 1.10 0.5 0.81 0.29 5.7 [49] 

 

Table 4.1 Recombination losses of PTB7:PC71BM, PCDTBT:PC71BM and PTB7-

th:ITIC. 

 

  



98 

 

 4.4 Conclusion  

In summary, we employ PDS to study the subgap optical absorption in BHJs. The 

spectra reveal the detailed subgap absorption features down to a photon energy of about 

0.6 eV. Two spectral regimes can be observed. The high energy regime can be correlated 

with the delocalized (hot) states whereas the low energy regime is correlated with the 

localized (cold) states. The spectral locations of the cold CT states are consistent with 

independent EQE and EL works. For the BHJ of PBT7:PC71BM, the CT states reveal 

fine structures between 1.0 - 1.3 eV. These structures can be correlated with direct 

optical transitions (Franck-Condon transitions) from the ground to the upper CT states 

with different vibrational quanta n. In contrast to previous reports, we discover that 

these low energy CT states are better to be observed when the acceptor concentration is 

near the percolation regime, but not the composition in which the BHJ reaches its 

optimized PCE. The observation point of the CT states coincides with the D:A ratio in 

which the BHJ is most disordered as revealed by the Urbach energy analysis of the 

BHJs. These low lying CT states are significantly quenched when the D:A ratios are 

maximized for PCEs. 
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Appendix I: PDS spectra of PTB7:PC71BM at different D:A compositions. 

 

Fig. 4.10 PDS spectra of PTB7:PC71BM at different D:A compositions. The ratios are 

indicated in each graph. 

  



100 

 

Appendix II: Full scale subgap EQE spectrum of PTB7:PC71BM. 

 

Fig. 4.11 Full scale subgap EQE spectrum of Fig. 4.6. The subgap EQE is able to 

measure a signal down to 10-5 %. 
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Chapter 5 Defect characterization using thermal admittance spectroscopy 

 5.1 Introduction 

 Electronic defects are detrimental to high performance organic photovoltaics 

(OPVs). [1] The presence of defects will affect the electronic properties and the long-

term stability of devices. [2] In OPVs, defects may trap photogenerated electrons and 

holes, and result in undesirable carrier recombination. Defect-induced traps may also 

reduce the carrier mobility and shorten the carrier lifetime. So charge carriers collected 

at the electrodes will be decreased. The resulting power conversion efficiency (PCE) 

will then be diminished. [3,4] Therefore, the identification and quantification of traps 

in organic semiconductors are important for achieving high performance OPV cells. 

 In chapter 4 of this thesis, we discussed how to use PDS to measure defect densities. 

PDS is capable of measuring deep defects in BHJs as well as the low-lying CT states in 

a BHJ. However, PDS suffers from several disadvantages. PDS measures all heat 

generated from the sample. So, it is difficult to identify the sources of heat. Heat may 

originate from trap states or from other sources such as vibrational overtones of 

molecules and ambient heat. Also, PDS is very sensitive to ambient noise. It requires a 

physically and electrically stable environment in order to have an accurate measurement. 

In our laboratory, all other experiments must be temporarily stopped during the PDS 

experiment. Therefore, an alternative method that can measure trap states without 
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disturbing other experiments is appealing. The alternative can also provide an 

independent means to cross check the validity of the trap density calculated by PDS. In 

PDS, the trap density can be calculated by the optical sum rule (Eq. 2.13). This sum 

rule has a pre-factor that depends on the properties of the material measured. These 

properties include the refractive index of the sample and the effective mass of electron 

or hole. They should be known in order to calculate the trap density.  

 A very important way of characterizing defects is the measurement of their 

energetic distribution. In crystalline semiconductors, the defect states are usually 

discrete. Techniques such as deep level transient current spectroscopy (DLTS) and 

photoluminescence (PL) can be used. [5,6] For amorphous materials, analysis of data 

from these techniques are difficult due to the broad distribution of defect states. Thus 

techniques like time of flight (TOF) and photoconductivity (PC) have been developed 

to fulfill the needs. [7,8] Other than these alternatives, it is well known that the existence 

of states in the band gap may affect the capacitance of the semiconductor. Thus, 

admittance spectroscopy is also popular in identifying the densities and energetic 

positions of the mid gap states in semiconductors. [9-11] 

 In this chapter, we employ thermal admittance spectroscopy (TAS) to measure the 

defect profiles in two classes of materials: perovskite compounds and an organic hole 

transporter with an intentional dopant. For the first class of materials, i.e., hybrid 
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organic-inorganic perovskite materials, they have received enormous attention because 

they can be used to fabricate high efficiency solar cells. Perovskites possess excellent 

optoelectronic properties, such as high carrier mobility and long carrier diffusion length. 

[12-14] They also have small band gaps and low exciton binding energies. [15] These 

attributes facilitate easy charge separation and result in solar cells with a large short-

circuit current (JSC). The open circuit voltage (VOC) can go up to 1.2V. [16] Perovskite 

films are often prepared by solution processes. Therefore, it is expected that during the 

formation of perovskite crystals, defects will be formed at the surface and at grain 

boundaries. These defects will greatly affect the PCE and the stability of solar cells 

derived from these films. [17,18] These considerations points to the need to quantify 

traps for perovskite materials. 

 In the second class of material for testing our TAS setup, we choose an organic 

material N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) 

doped with a dye 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-

pyran (DCM1). Doping is widely adopted in organic semiconductors, it can enhance 

the hole or electron conductivity and control the color of organic light-emitting diodes 

(OLEDs). [19] NPB is known to possess trap-free hole transporting property and is 

widely used in OLEDs. [20] By doping a small amount of dopant with a higher HOMO 

level (DCM1) into the host molecule (NPB), they should act as traps and the trapping 
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effect should lower the charge carrier mobility. The trap depth can be approximately 

calculated by the difference of the HOMO levels between the two materials. [21] Here 

we demonstrate probing the trap depth and trap density using TAS. 

 5.2 Experimental Details 

 The perovskite-based devices had a structure of ITO/PEDOT:PSS/Perovskite/ 

PCBM(optional)/Au. Figure 5.1 shows the energy level and chemical structures of the 

materials. The pre-patterned ITO glass substrates were cleaned by deionized water and 

acetone in ultrasonic bath, 30 minutes for each solvent. Then the substrates were treated 

with UV-ozone for 13 minutes. After that, PEDOT:PSS was spin coated on top of ITO 

at 7000 rpm for 1 minute, followed by 140 °C annealing in air for 10 minutes. The final 

film thickness is 30 nm. The PEDOT:PSS films were then transferred into a N2 filled 

glovebox for spin coating the perovskite layer. 1-step method was adopted to prepare 

the precursor solution which was formed by mixing 461 mg PbI2 and 165.3 mg 

methylammonium iodide (MAI), and dissolving the precursors in 1 mL DMF and 78 

µL DMSO mixed solution. The solution was stirred overnight at room temperature. The 

solution was spin coated on top of the PEDOT:PSS layer at 2500 rpm for 40 seconds. 

500 µL CB was dripped on the film surface at the 8th second during spin coating in 

order to get a smooth perovskite film with a film thickness of 300 nm. The freshly 

prepared film was put in a small petri dish for 10 minutes, followed by annealing at 110 
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°C for 10 minutes. The film should change its colour from transparent to dark brown 

during annealing. For some samples, an additional PCBM layer was coated on the top 

of the perovskite film. The PCBM solution was prepared with a concentration of 20 

mg/mL in CB. The solution was stirred overnight at 60 °C, filtered with a PTFE filter 

before use and hot spin coated on the perovskite film at 2000 rpm for 40 seconds. After 

spin coating, the samples were transferred to a thermal evaporator (Edwards Auto 306) 

for coating the gold electrodes.  

For the NPB:DCM1 devices, they have a structure of p++Si/NPB:DCM1/Au. 

Figure 5.2 shows their molecular structures and energy levels. The Si substrates were 

cleaned with deionized water and acetone in ultrasonic bath for 30 minutes each, 

followed by UV-ozone treatment for 13 minutes. The substrates were then mounted on 

a sample holder and put into thermal evaporator (Denton DV-502A) for coating the 

active layer. The active layer was formed by co-evaporating NBP (9.8 Å/s) and DCM1 

(0.1 Å/s). The film thickness is 1 μm with the DCM1 doping concentration of about 1 

%. The sample was then put into another thermal evaporator (Edwards Auto 306) to 

coat the gold electrodes.  

Finally the device was put into a cryostat under low pressure. (<50 mTorr). The 

device was connected to an LCR analyzer (Hioki 3532-50) for admittance 

measurements. The sample was put in dark condition under zero bias. Then a 50 mV ac 
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signal with frequency range from 100 to 1M Hz was applied to the sample to measure 

the capacitance response. 

 

 

Fig. 5.1 Chemical structures of PCBM and CH3NH3PbI3 perovskite and their 

corresponding energy levels. [22] 

 

 

Fig. 5.2 Chemical structures of NPB, DCM1, and their HOMO and LUMO levels. [21] 
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 5.3 Results and discussions 

  5.3.1 Effect of PCBM passivation on CH3NH3PbI3 Perovskite material 

 The crystal structure and quality of the perovskite thin film were first examined 

by the X-ray diffraction (XRD) and scanning electron microscope (SEM). Figure 5.3 

shows the XRD pattern of the perovskite film coated on SiO2 substrate. The 

corresponding orientation planes are also marked. The absence of the PbI2 peak (12.7°) 

indicates complete reaction of the precursor solution and pure perovskite is formed. The 

broad peak between 20 and 25° is attributed to the SiO2 substrate. The sharp peaks at 

14.2° and 28.4° corresponds to (110) and (220) of the tetragonal phase of perovskite. 

Other small peaks are also in good agreement with such phase and they are marked with 

the corresponding orientation planes. The tetragonal phase is the typical phase found in 

CH3NH3PbI3 type perovskite at room temperature. This phase is favorable for 

photovoltaic application. [23] 

 A SEM image of the perovskite film is shown in Fig. 5.4 under a magnification of 

80k. A flat perovskite surface with a complete coverage of grains is seen. Most grains 

are in the size of 200 nm, with well-defined grain boundaries. A few pinholes and gaps 

can also be found in the image. These defects may to induce trap states. The pinholes 

can lead to short circuit problem in devices.  
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Fig. 5.3 XRD pattern of a thin film of CH3NH3PbI3 perovskite prepared by 1-step 

procedure on SiO2 substrate. The peaks are marked with the corresponding orientation 

planes.  

 

 

Fig. 5.4 SEM image of a 1-step CH3NH3PbI3 perovskite thin film.  
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 The temperature dependent capacitance frequency spectra for the two perovskite 

based devices with structures ITO/PEDOT:PSS/perovskite/PCBM/Au and 

ITO/PEDOT:PSS/perovskite/Au are shown in Fig. 5.5a and e, respectively. The data 

were captured in the frequency range between 102 and 106 Hz. For some of the data, a 

flat region in the high frequency region is observed. The value of capacitance here can 

be taken as the geometric capacitance Cgeo. The dielectric constant 𝜀𝑟 can be computed 

from  

𝐶𝑔𝑒𝑜 = 𝜀0𝜀𝑟

𝐴

𝑡
 (5.1) 

where 𝜀0 is the permittivity of free space, A is the area of the device, t is the film 

thickness. From Fig. 5.5d, the computed 𝜀𝑟 ~20, which is in good agreement with the 

reported values. [24,25] 

The characteristic frequency, i.e., the frequency at which the trap states are able to 

respond to the applied ac signal, is determined by the negative derivative of the 

capacitance. Figure 5.5b and f shows the -f(dC/df) vs f plot at different temperatures. 

The peak at each curve represents the characteristic frequency, which are the thermal 

emission rate for the trap states with  

𝑒𝑝 = 𝜔0𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝑇
) (5.2) 

where kT is the thermal energy, EA is the activation energy of the trap states with respect 
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to the valance band, and 𝜔0 is the attempt-to-escape frequency. EA and 𝜔0 can be 

found by the Arrhenius plots in Fig. 5.5 c and g, with the slope for 𝜔0 and y-intercept 

for EA. The device with PCBM layer has an activation energy of 0.37 eV and attempt-

to-escape frequency of 2.3×1010 Hz. For the device without PCBM layer, the values are 

0.41 eV and 4.33×1010 Hz respectively. Equation 5.2 can be rearranged to have the form 

of 

𝐸𝜔 = 𝑘𝑇𝑙𝑛 (
𝜔0

𝜔
) (5.3) 

The demarcation energy Eω can be deduced at the condition ep = 𝜔0. This demarcation 

energy defines the deepest energy level can be detected by the ac signal at a given 

angular frequency and temperature.  

 The trap density of state NT(Eω) is determined by  

𝑁𝑇(𝐸𝜔) = −
𝑉𝑏𝑖

𝑞𝑊

𝑑𝐶

𝑑𝜔

𝜔

𝑘𝑇
 (5.4) 

where Vbi is the built-in voltage of the semiconductor and W is the depletion width of 

the junction. With the attempt-to escape frequencies, the demarcation energies can be 

determined by Eq. 5.3 and the trap density of states for both devices were reconstructed 

by Eq. 5.4. The defect profiles for the two devices are shown in Fig. 5.5c and f. The 

integrated trap density for the device with PCBM layer is 2.8×1016 cm-3, and 8.8×1016 

cm-3 for the device without PCBM layer. 
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Fig. 5.5 The measured capacitance-frequency plots, their negative derivatives, 

Arrhenius plots and the trap profiles of CH3HN3PbI3 perovskite with (a-d) and without 

(e-h) PCBM passivation layer. The device structures are shown at the top of the figures. 

The trap density NT was reduced when PCBM was introduced on the top of the 

perovskite layer.
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 To check the reliability of the TAS technique on perovskites, we use highly 

sensitive PDS to determine the subgap optical absorption of the perovskite sample. PDS 

is extensively used to probe the tail state as well as the subgap states and trap density 

of perovskite materials. [26-31] The principle and experiment procedure of PDS have 

been described in chap. 2 chap. 3. The PDS spectrum of CH3NH3PbI3 thin film is shown 

in Fig. 5.6. An exponential decrease in the absorption coefficient is found which defines 

the bandgap of the sample. The optical bandgap Eg is determined by the Tauc’s plot. 

[32] The localized state with at band tail can also be characterized by the Urbach energy 

EU. [33] For the perovskite sample under investigation, Eg = 1.59 eV and EU = 19.5 meV.  

 

Fig. 5.6 PDS spectrum of a 1-step CH3NH3PbI3 perovskite thin film. The area shaded 

in blue is used to calculate the trap density NT by the optical sum rule. The red line is 

the fitting of the Urbach slope.  
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 The subgap states act as recombination centres which lead to energy loss. 

Recombination of excitons at these states generate extra heat in the subgap region and 

thus can be measured by PDS. The subgap absorption is quantified by the optical sum 

rule to estimate the trap density of the sample [34] 

where c is the speed of light, n is the refractive index of the material measured, μ is the 

effective mass of electron, e is the elementary charge and ℏ is the Planck constant. 

𝛼𝑒𝑥(𝐸) is the excess optical absorption due to traps: 

𝛼𝑒𝑥(𝐸) = 𝛼(𝐸) − 𝛼𝑈(𝐸) (5.6) 

where 𝛼(𝐸)  is the absorption coefficient from PDS measurement and 𝛼𝑈(𝐸)  is 

deduced from the fitting of the exponential absorption tail (Urbach slope). By 

integrating the blue area in Fig. 5.7, and taking the effective mass of electron as 0.2 me, 

[14] the trap density of the film is calculated to be 2×1017 cm-3. 

 From the result of TAS, a smaller trap density (2.8×1016 cm-3) is found in the 

device with PCBM layer, which indicates that PCBM can effectively suppress traps in 

perovskite. Shao et al. analyzed the role of fullerene in perovskite solar cells. [35] 

PCBM solution can infiltrate into the perovskite layer through the grain boundaries and 

pinholes and fill them up. The infiltrated PCBM molecules can enhance the electronic 

NT=
cn𝜇

2𝜋2𝑒2ℏ
∫ 𝛼𝑒𝑥(𝐸)𝑑𝐸 (5.5) 
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properties of the resulting perovskite thin film by passivating the iodine rich traps at the 

surface. The passivation suppresses ion migration, reduces defects at grain boundaries. 

[36,37] As a result, the device with PCBM layer exhibit a lower trap density. 

 A lower trap density is obtained by TAS compared to the value obtained from PDS, 

the discrepancy can be attributed to the difference in the measuring method between 

the two techniques. In TAS, we assume there is only one trap state in the vicinity of the 

Fermi level. [38] Such a trap state is able to respond to the modulating ac signal at low 

frequency and contribute to the capacitance. As a result, TAS can pinpoint the trap depth 

and reconstruct the trap profile with the model proposed by Walter. [38] However, a 

semiconductor does not necessarily contain only one trap state. Moreover, it should be 

noted that not all the trap states can be detected by TAS. If the trap level is not crossing 

the Fermi level at some point in the device, TAS is not able to measure such trap state. 

[39] Thus, the trap density measured by TAS can be lower than the actual value. On the 

other hand, PDS measures the heat generated from the entire film. We assume all the 

heat generated in subgap region originates from trap states. The heat, nevertheless, can 

originate from different sources such as background noise, vibrational overtones of 

molecules. In addition, PDS scans a wide energy range. Our setup is able to measure 

the trap state from band gap down to 0.6 eV. All the subgap optical absorption will be 
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counted in [Eq. (5.5)] for trap density evaluation. Thus it is expected that a higher trap 

density value will occur when compared to the value derived from TAS. 

  5.3.2 Thermal Admittance Spectroscopy measurement for NPB:DCM1  

The capacitance-frequency plot of pristine NPB film and NPB:DCM1 film is 

shown in Fig. 5.6. For the pristine NPB film, the capacitance response has a small value 

of ~3 nF/cm2 and remains fixed up to 2×105 Hz. For the NPB:DCM1 film, a distinct 

change of capacitance from about 2 to 20 nF/cm2 occurs as the frequency goes from 105 

to 3×103 Hz. The flat region (f >105 Hz) of the NPB film can be regarded as the 

geometric capacitance. The 𝜀𝑟  of pristine NPB film has estimated to be 3. The value 

for the pristine NPB film is similar to the literature values. [40] 

 

 

Fig. 5.7 Capacitance-frequency plot of NPB and NPD:DCM1. In the latter sample, the 

concentration of DCM1 in NPB is about 1% by volume. 
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The capacitance-frequency plot for NPB:DCM1 at different temperatures is shown 

in Fig. 5.8a. At room temperature, a step like feature is found at frequency range 

between 104 and 105 Hz, showing the trap states start to respond to the small ac signal. 

The onset is also found to decrease with temperature, indicating the capacitance 

response is frozen out. [41] When the temperature is below 200K, the response becomes 

abnormal. The onset of the step goes to a higher frequency, but it drops again as the 

temperature continue to decrease. This phenomenon will be discussed later. For the 

convenience of calculation, the calculations below will ignore the capacitance curves 

for temperatures below 200K. 

 The characteristic frequency of each temperature is found by the negative 

derivative of the capacitance –f(dC/df) in Fig. 5.8b. Then EA and 𝜔0 are found by an 

Arrhenius plot of ln(2πf) vs 1/T in as shown Fig. 5.8c. For the case of NPB:DCM1, 𝜔0 

= 4×107 s-1 and EA = 120 meV. Here we assume the whole device is depleted, the 

calculated NT at different temperatures is shown in Fig. 5.8d. The frequencies above 

100 kHz and below 1 kHz are excluded due to resonance and noise problem. [38] The 

reconstructed defect distribution for all temperatures collapsed into one single peak, 

indicating the value for the attempt-to-escape frequency is correct. 

 The total trap can be found by fitting a Gaussian fit and integrating the entire plot. 

For the device above, the integrated trap density is 2×1016 cm-3 at 120 meV above the 
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HOMO of NPB. The trap level is in good agreement with the energy level difference 

between NPB and DCM1 in Fig. 5.2. Chan et al. calculated the effective density of state 

of NPB is in the order of 1019 cm-3. [42] For a 1% DCM1 doped NPB device, the trap 

state density should be about 1017 cm-3, which is higher than the value obtained here. 

We attribute the discrepancy to two reasons. First, the rate of thermal evaporation is not 

very stable, especially for such small amount of doping. The actual number of DCM1 

doped into the film can be smaller than the reading, leads to a smaller trap density. 

Second, DCM1 tends to self-aggregate instead of dispersing uniformly in the NPB film. 

[43] The dipole-dipole interactions favor the aggregation of the dye molecules and form 

large clusters. As a result, the actual concentration of DCM1 in NPB may not be as high 

as the expected value. 

 The capacitance-frequency plot at low temperatures in Fig. 5.8a shows some 

abnormal behavior. The onset of the step at temperatures below 200 K shifted to a 

higher frequency, which indicates some other effect(s) has come in and dominated the 

measurement. Wang et al. and Xu et al. investigated the effect of low carrier mobility 

to the TAS measurement. [44,45] The low mobility will induce a dielectric relaxation 

peak and dominate the capacitance spectra at some high frequencies, which will lead to 

the determination of trap profile at such region impossible. Therefore, a threshold 

mobility of 10-4 cm2V-1s-1 is required for a reliable measurement. The hole mobility of 



122 

 

NPB at room temperature is 6.6×10-4 cm2V-1s-1, higher than the limit. [21] The mobility, 

however, at low temperature will become lower. Eventually, the mobility will be lower 

than the threshold value. Thus it is believed that the frequency dependence capacitance 

is dominated by the dielectric relaxation and should therefore be excluded in the 

calculation of trap profile.  
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Fig. 5.8 a) Capacitance-frequency plot for NPB:DCM1 at different temperatures. b) 

Derivative of capacitance, the peaks shows the characteristic frequency at each 

temperature. c) Arrhenius plot of the characteristic frequencies for activation energy 

and attempt-to-escape frequency calculation and d) the defect distribution of 

NPB:DCM1. 
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 5.4 Summary 

 In this chapter, we demonstrated that TAS can be used to reconstruct the trap 

profiles of two different systems. In CH3NH3PbI3 perovskite materials, we investigated 

the effect of the PCBM layer to the trap density. The PCBM will fill up the grain 

boundaries between perovskite crystals and protect the device from shorting due to the 

pinholes. This passivation of traps at the grain boundaries suppresses the trap density. 

TAS was also used to study the trap profiles of NPB doped with DCM1. The trap depth 

agrees with the difference in the HOMO energy. However, the trap density is smaller 

than expected. The discrepancy is attributed to the self-aggregation of DCM1 molecules. 
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Chapter 6 Conclusion 

 This thesis employed two techniques, namely photothermal deflection 

spectroscopy (PDS) and thermal admittance spectroscopy (TAS), to measure the trap 

density of various organic and hybrid organic-inorganic semiconductor materials.  

 The subgap optical absorptions of several high performance organic photovoltaic 

bulk heterojunction (BHJ) blends were studied by the PDS. In particular, we 

investigated PTB7:PC71BM BHJ in detail. Several new subgap features were identified 

when PC71BM was added into PTB7, which were not found in the pristine films. These 

features were assigned as the delocalized (hot) and localized (cold) charge transfer (CT) 

states by comparing their spectral locations with the external quantum efficiency (EQE) 

and electroluminescence (EL). In low energy regime where the cold CT state is located, 

some fine structures were found in the energy range of 1-1.3 eV. These fine structures 

are the direct optical transitions from the ground state to the upper CT states with 

different vibrational quanta n. By measuring the PDS spectra at different 

PTB7:PC71BM ratios, it is found that the cold CT states are better observed when the 

acceptor concentration in a BHJ is deviated from the power conversion efficiency (PCE) 

optimized regime. Since the energetic position of the cold CT state is related to the 

open-circuit voltage loss, the energy loss due to recombination was determined with the 

cold CT state found by PDS. 
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 Besides PDS, thermal admittance spectroscopy (TAS) was employed as an 

alternative method to check the validity of the trap density calculated from PDS. The 

trap density profiles of CH3NH3PbI3 perovskite thin films with and without PCBM 

passivation were reconstructed by the TAS in chapter 5. The trap density has reduced 

from 8.8×1016 cm-3 to 2.8×1016 cm-3 upon the addition of a PCBM passivation layer. 

Such effect is due to the infiltration of PCBM into the grain boundaries and the 

infiltration suppresses the ion migration. The trap density of pure perovskite film 

calculated from TAS (8.8×1016 cm-3) was compared with that from PDS (2×1017 cm-3). 

The lower trap density obtained by TAS was attributed to the difference in the 

measuring method between the two techniques. In TAS we assume there is only one 

trap state and reconstructs the trap profile whereas PDS measures all the heat generated 

from the film. TAS was also used to study the trap profiles of a trap free semiconductor 

NPB doped with 1% DCM1. The trap depth agrees with the difference in the HOMO 

energy between NPB and DCM1. However, the trap density is smaller than expected. 

The discrepancy is attributed to the self-aggregation of DCM1 molecules. 
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