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Abstract 

 

The first near-infrared (NIR-I) window is defined as the wavelength range from 700 nm to 

1000 nm and can be used to monitor the vital signals of a human being for consumer and 

biomedical applications. In order to fabricate organic photodetectors that can be used in such 

specific applications, it is necessary to investigate active materials with good absorption in this 

spectral window. 1,4,8,11,15,18,22,25-octaoctyl-phthalocyanine (8H2Pc) is a liquid crystalline 

(LC) organic semiconductor material which not only meets this condition but also shows good 

solubility in common organic solvents and high ambipolar carrier mobility in columnar LC 

phases exhibited between 86°C and 149°C. In this work, the phthalocyanine derivative, 8H2Pc, 

and a fullerene derivative, phenyl-C61-butyric-acid-methyl ester (PC61BM) were used as a 

donor-acceptor (DA) pair to fabricate NIR organic photodetectors (OPDs) for biomedical 

applications. The OPDs were fabricated with varying DA blend ratios, different device 

architectures, and on top of rigid and flexible substrates. The champion device was prepared in 

the inverted architecture with 1:1 w/w ratio of blend materials and it exhibited external 

quantum efficiency of 60%, responsivity of 0.4 A/W, and shot-noise-limited specific 

detectivity of 3  1012 Jones at 760 nm with -1 V reverse bias. The condition of the bulk 

heterojunction active layer was observed with polarized optical microscopy, atomic force 

microscopy, and X-ray diffraction measurements and the effect of annealing at different 

temperatures, annealing time, and cooling rate on the bulk heterojunction and OPD 

performance was investigated and discussed. Finally, the practical usability of the champion 

OPD in this study was demonstrated by monitoring the photoplethysmogram signal of a human 

subject with a simple experimental setup. 
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Chapter 1  

Introduction 

 

1.1 Background and Motivation 

In recent years organic electronics have attracted notable research attention due to advantages 

such as large-area and large-scale manufacturing [1, 2], solution processability [3, 4], 

mechanical flexibility, stretchability, and skin conformity [5, 6, 7], low-temperature and low-

cost fabrication, among others. In the field of light emitting diodes, solar cells, and 

photodetectors, organic electronics have advanced significantly in the past few years [8, 9, 10, 

11]. The possibility of changing the semiconducting and material properties of polymers and 

small molecules by making modifications to their chemical structure has driven the research 

and development in these fields. Since C. W. Tang reported the first ever single heterojunction 

organic solar cell with power conversion efficiency of 0.95% and fill factor of 0.65 in 1986 

[12], many more innovative approaches have been investigated to improve the performance of 

organic photovoltaic devices. Example of such an innovative technology is the hybrid organic-

inorganic perovskite solar cells [13]. This emerging technology is promising because of the 

rapid progress it has shown in recent years by being initiated in 2009 with an efficiency of 

3.8% and reaching a lab-scale power conversion efficiency of 23.3% in 2018 [14]. However, 

perovskite solar cells make use of the material lead (Pb) which is toxic to living organisms and 

faces challenge to ensure durable outdoor operation [14]. Such challenges emphasize the 

necessity of exploring novel technologies and materials to realize more efficient and 

sustainable devices. On that note, in the area of organic photodetectors (OPD), very high 

specific detectivity of 1013 Jones has been achieved in recent years which is comparable to the 

state-of-the-art inorganic photodetectors [15]. In 1995, the concept of bulk heterojunction with 

a mixture of donor and acceptor (DA) materials was introduced in the fabrication of polymer 

photovoltaic cells [16] and photodiodes [17] and has been shown to be more efficient than the 

single heterojunction system in terms of photon absorption and dissociation of exciton. This 

concept has opened up new avenues of research into OPDs as it was revealed that the 

performance of the devices depends significantly on the blend ratio of materials, grain size and 

purity, crystalline condition, surface morphology, thickness of the active layer, to name a few. 

Furthermore, it allowed the discovery of novel types of photodetector operation such as 
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photomultiplicative, charge collection narrowing, and charge injection narrowing types of 

OPDs [18, 19, 20].  

Without any photocurrent gain mechanism, the external quantum efficiency of an OPD cannot 

go beyond 100% due to carrier recombination and other losses [21, 22]. Very interestingly, this 

limit can be exceeded by the photomultiplication effect which can be enabled by adjusting the 

weight ratio of donor and acceptor materials from 1:1 (non-gain mode OPDs) to 100:1 

(photomultiplication mode OPDs) as reported with the P3HT:PC61BM and P3HT:PC71BM 

bulk heterojunction systems [18, 23, 24]. On the other hand, the concept of charge collection 

narrowing was introduced very recently in 2015 by Armin et. al. where narrowband spectral 

detection was achieved at the absorption onset of the blend materials by using a thick bulk 

heterojunction [19]. Narrowband light detection is of research and industrial interest because 

of the applications of different wavelengths of light in different fields. From extremely high 

energy radiation such as gamma rays to low energy radiation such as radio waves, each have 

their unique applications and are indispensable part of our everyday life. For the detection and 

application of such electromagnetic radiation, photodetectors are essential electronic devices 

that have stayed relevant for over a century of research, commercial, and industrial applications. 

Moreover, to address the demands of innovative approaches in the modern technological age, 

flexible, wearable, and skin conformal photodetectors are being investigated and realized [5, 

25, 26]. In addition to novel structures of devices and modes of operation, it is worthwhile to 

explore various materials and material combinations for clarifying their relative advantages 

and disadvantages. Liquid crystalline (LC) semiconductors are one such unique type of 

materials that show one or more intermediary phases between crystalline and liquid phases. By 

making use of the intermediary phase, or mesophase, it is possible to change the orientation of 

molecules, influence the crystalline order, grain size and purity of the thin film even after 

fabrication [27, 28, 29]. LC materials with large π-conjugated systems have the ability to self-

organize into single domain thin films by taking advantage of the presence of the LC 

mesophase. As a result, boundaries between randomly oriented grains in the crystalline phase, 

which create large barriers for charge and exciton transport, can be avoided [30, 31]. Moreover, 

solution processed LC thin films have been reported to be a good precursor for films having 

excellent morphology and uniformity [29, 32]. Investigating such materials in the field of bulk 

heterojunction photodetectors for efficient detection of near-infrared light is appealing as an 

exciting and meaningful research theme. 
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As the world population is nearing 8 billion in 2023 with an increasing ratio of elderly populace, 

healthcare and wellbeing service industry has seen a tremendous rise in attention [33]. 

Especially, during the height of the COVID-19 pandemic, medical diagnosis techniques and 

equipment have been developed and improved and continue to be improved today as the effects 

of the pandemic have not concluded yet [34, 35]. On an additional personal note, my 

grandmother passed away in 2001 after she accidentally slipped in the washroom and didn’t 

recover even after receiving medical care near our village home. As I started my graduate 

studies in electrical and electronic engineering, my personal motivation from the beginning 

was to connect my research with medical care for the elderly citizens and other patients. I 

imagined a comfortable and non-invasive system of health monitoring with flexible devices 

that could be worn by elderly people during their daily life activities and thus any anomaly in 

their health could be detected and proper care could be provided as soon as possible. During 

my research work, I have worked towards that goal to the best of my abilities and in this thesis, 

I have reported near-infrared photodetectors based on a liquid crystalline organic 

semiconductor in bulk heterojunction active layer on rigid and flexible substrates and discussed 

the principal factors influencing their optical and electrical characteristics in bulk 

heterojunction active layer. I have addressed the issue of air stability and reliability of the 

organic devices and presented the strategies to mitigate the degradation of device performance. 

Finally, I have highlighted the practical utility of the organic photodetectors by using the 

champion device to detect and monitor the vital signal of a human subject in real time. 

1.2 Photodetector Operation Principle 

In simple terms, a photodetector is a device that converts an incident ray of photons (or light 

energy) into electric current (or electrical energy). By definition, photodetector covers the 

devices of photodiodes and phototransistors. While a photodiode is a vertical device, meaning 

that the carriers move in the vertical direction towards the electrodes, a phototransistor is a 

horizontal device. As in this study, photodiodes were investigated and so for the sake of 

simplicity, photodetector will refer to photodiode in this thesis.  

In a photodetector, the current is actually the result of an electron-hole exciton pair generation 

and separation inside the active material of the heterojunction photodetector, which consisted 

of DA molecules. In detailed terms, the generation of photocurrent can be explained in four 

consecutive steps in terms of their efficiencies: photon absorption with efficiency ηA, exciton 

diffusion where ηED is the fraction of excitons reaching the DA interface, generated charge 
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transfer exciton and the exciton dissociation at the DA interface with efficiency ηCT, and finally, 

the collection of carriers at the electrodes with efficiency ηCC [36]. These four steps and their 

efficiencies vary in different materials and material combinations, grain size and purity, 

morphological condition of the active layer, and operation conditions. Thus, vast numbers of 

research have been conducted and are still being conducted to find the optimum condition for 

best performance of different types of photodetectors and elucidate the factors behind them. 

As a photodetector converts light energy into electrical energy, it is capable of operating with 

or without external power sources. If a photodetector is operated without an external power 

source i.e., without external bias, it operates in the photovoltaic mode. In this mode, the 

photodetector operates as the same as a solar cell. On the other hand, when a photodetector is 

operated with external bias, it operates in the photoconductive mode. The schematic 

illustrations of these two operational modes are shown in Fig. 1.1. 

  

Figure 1.1. Photodiodes operating in (a) photovoltaic and (b) photoconductive mode 

Next, as a photodetector is an opto-electronic device, it is important to consider the strategies 

to reduce the optical loss as much as possible and efficiently illuminate the active layer for 

maximum photon absorption. A photodiode has two electrodes, anode and cathode, and one of 

these is usually fabricated using a transparent or semi-transparent conductive material in order 

to facilitate the transmission of light. Popular choices for this purpose are tin-doped indium 

oxide (ITO), silver (Ag), zinc oxide (ZnO), and Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS). Innovative and novel materials such carbon nanotubes 

and nanowires have also emerged as viable options in recent years. 
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Figure 1.2. Schematic illustrations of (a) conventional and (b) inverted architecture of OPDs. 

Depending on the role of this transparent electrode, photodiodes can be divided into two 

categories: conventional and inverted photodiodes. In the case of a conventional photodiode, 

the transparent electrode generally operates as the anode and the other electrode, typically made 

with aluminum (Al), operates as the cathode [4]. In an inverted photodiode, the operation of 

the electrodes is just the opposite, hence the use of the term “inverted”. Different surface 

modifiers are used to tune the work function of the transparent electrode for this purpose [37, 

38]. As shown in Fig. 1.2 (b), the counter electrode in inverted photodetectors is usually stable 

metals such as gold (Au) or silver (Ag). 

Depending on the range of the spectral detection window, photodetectors can be divided into 

two categories as well: broadband and narrowband. Broadband photodetectors, also referred to 

as panchromatic photodetectors, have a relatively flat spectral detectivity over a wide range of 

electromagnetic radiation spectrum. On the other hand, narrowband photodetectors are 

selective to a certain range of the electromagnetic spectrum. Both types of photodetectors are 

useful in practical situations depending on the specific application. 

1.3 Figures of Merit for Photodetectors 

To objectively compare different photodetectors, there are several well-established figures of 

merit. The most commonly used figures of merit for photodetectors are responsivity, external 

quantum efficiency, specific detectivity, noise equivalent power, linear dynamic range, and 

cutoff frequency among others. The definition and brief description of these quantities are 

presented below. 
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1.3.1 Responsivity 

Responsivity (R) is defined as the ratio of photocurrent to the intensity of the incident light. It 

is a measure of how much photocurrent is generated in the photodetector with respect to the 

strength or intensity of the incident light.  

Responsivity of a photodetector can be calculated using the following equation: 

𝑅 =
𝐽𝑝ℎ𝑜𝑡𝑜

𝐼𝑙𝑖𝑔ℎ𝑡
;  𝐽𝑝ℎ𝑜𝑡𝑜 = 𝐽𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 −  𝐽𝑑𝑎𝑟𝑘 

Here Jilluminated, Jdark, and Ilight stands for the output current density during illuminated condition, 

output current density during dark condition, and intensity of incident light, respectively. The 

unit of R is A/W. 

1.3.2 External Quantum Efficiency 

External quantum efficiency (EQE) is defined as the number of charge carriers collected by the 

device electrodes to the number of photons of a given energy shining from the outside of the 

device. It can be considered as a measure of how many incident photons can be converted into 

charge carriers by the particular device. EQE can be calculated using the following equation: 

𝐸𝑄𝐸 =
𝑅

q
×

ℎ𝑐

𝜆
 

Here R, q, h, c, and λ stand for responsivity, unit charge, Plank’s constant, speed of light, and 

wavelength of incident light, respectively. 

There is one more photodetector parameter called the internal quantum efficiency (IQE) which 

can be calculated from EQE by removing the loss components due to reflectance and parasitic 

absorptions [39]. IQE is a measure of how efficiently the active material can convert absorbed 

photons into charge carriers without taking the losses associated with the photon absorption 

process into account.  

1.3.3 Noise Equivalent Power 

Noise equivalent power (NEP) is defined as the signal power that gives a signal-to-noise ratio 

of 1 in a 1 Hz bandwidth. NEP is a measure of the lowest intensity of incident light that the 

detector can distinguish from background noise levels. The unit of NEP is W/Hz1/2. 

(1) 

(2) 
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1.3.4 Specific Detectivity 

Specific detectivity (D*) is defined as the reciprocal of the device noise equivalent power 

normalized per square root of the device area times the frequency bandwidth. It is a measure 

of how sensitive the PD is with respect to the incident light of a particular wavelength. It can 

be calculated using the following equation: 

𝐷∗ =
√𝐴∆𝑓

𝑁𝐸𝑃
 

Here A, Δf, and NEP stand for the device area, frequency bandwidth, and noise equivalent 

power of the device, respectively.  

If it assumed that the shot noise is the dominant contributor to the dark current of the device, 

then the shot-noise-limited-detectivity (D*
sh) can be calculated using the following equation: 

 

  

Here R, q, and Jdark stand for responsivity, unit charge, and dark current density, respectively. 

The unit of D* is cmHz1/2W-1 (Jones). 

1.3.5 Linear Dynamic Range 

Linear dynamic range (LDR) is defined as the maximum range of light intensities for which 

the output current is linearly proportional to the intensity of incident light. LDR is a measure 

of the range of light intensities under which the device can perform accurately with a linear 

output.  

LDR of a PD can be calculated using the following equation: 

𝐿𝐷𝑅 = 20log ( 
𝐽𝑙𝑖𝑛,𝑚𝑎𝑥

𝐽𝑙𝑖𝑛,𝑚𝑖𝑛

 ) 

 

Dsh
* =

R

√2qJdark

 

(3) 

(4) 

(5) 
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1.3.6 Cutoff Frequency 

Cutoff frequency (fc) is defined as the frequency at which the amplitude of the output signal 

falls to 1 √2⁄  (approximately 70%) of the signal at low frequency or at DC. It is a measure of 

how fast the device response is under varying light input. It can be measured directly or 

estimated using the following equation: 

𝑓𝑐 =  
0.35

𝑡𝑟
 

Here tr stands for rise time of the device output signal. The frequency bandwidth can also be 

calculated from the cutoff frequency. 

1.3.7 Carrier Mobility 

For evaluating the charge carrier mobility in different bulk heterojunction conditions, the 

technique of extracting injected charge carriers using the charge extraction by linearly 

increasing voltage (CELIV) method was utilized as proposed by G. Juška et al. [40]. As this 

method uses a metal-insulator-semiconductor (MIS) device structure, it will be referred to as 

the MIS-CELIV method in this thesis. The mobility of holes and electrons can be extracted 

using the following two equations: 

 

 

 

 

 

Here, εs and εi represent the relative dielectric permittivity, and ds and di represent the thickness 

of the active layer and insulator layer, respectively. A represents the rate of change of the 

extraction voltage, and ttr represents the carrier transport time. As shown in eq. (8), ttr can be 

calculated from the characteristic time, t2j0, which is the time required to reach twice the value 

of j0, which in turn can be found from the transient current waveshapes of charge extraction.  

 

 

 

(6) 

𝜇 =
2𝑑𝑠

2

𝐴𝑡𝑡𝑟
2 × (1 +  

𝜀𝑠𝑑𝑖

𝜀𝑖𝑑𝑠
) 

𝑡𝑡𝑟  =
4

𝜋
𝑡2𝑗0 

(7) 

(8) 
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1.4 Near-infrared Light and its Applications 

Near-infrared (NIR) radiation is a subset of electromagnetic radiation with wavelength longer 

than the visible window. As such, humans are unable to detect NIR light without any external 

visual aid. Although being invisible to human visual perception, NIR sensing photodetectors 

have applications in a variety of technologies such machine vision [41], night vision [42], 

medical monitoring [25], food safety and quality inspection [43, 44], and bioimaging [45]. One 

such spectral region of interest is the first near-infrared (NIR-I) window which corresponds to 

the region of electromagnetic radiation with wavelength spanning from about 700 to 1000 nm 

[46]. The NIR-I window is uniquely useful for the purpose of biomedical applications such as 

pulse oximetry, photoplethysmography, vein detection, etc. 

 

Figure 1.3. Simplified representation of the electromagnetic spectrum. 

Traditionally, NIR sensing has been realized with photodetectors fabricated with single-crystal 

inorganic semiconductor materials such as Si, Ge, GaInAs for their advantageous properties 

such as high charge-carrier mobility, small exciton binding energy, and high air stability and 

reliability. However, they typically have drawbacks including costly processing [47], 

mechanical inflexibility [11], and operation in cryogenic temperatures [48, 49]. Apart from 

single-crystal inorganic semiconductors, hydrogenated amorphous silicon (a-Si:H) has shown 

promise as an inorganic option to prepare mechanically flexible devices, but there are also 

challenges such as high defect density, high dark current, and low carrier mobility in a-Si:H 

films. Taking all of these into account, organic semiconductors are favorable for the fabrication 

of NIR photodetectors because of their high absorption in the NIR region [50, 51, 52], solution 

processability over large area [53], non-toxicity, simple and low-cost fabrication methods, and 

good mechanical flexibility [54, 55]. Nevertheless, in order to be practically viable, organic 
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photodetectors have to reach the industry standard photosensitivity levels of Si PIN 

photodiodes, reported to be 0.52 A/W at 830 nm [56]. Therefore, it is necessary to explore 

organic semiconductor materials to emulate the performance standards of inorganic 

semiconductor devices without sacrificing the exciting properties of flexibility and low-cost.  

1.5 Organic Semiconductors 

Organic semiconductors are semiconducting materials that are constituted of pi-bonded 

molecules or polymers made up of mainly carbon and hydrogen. There are several major 

differences in the charge carrier generation and transport mechanism of organic and inorganic 

semiconductors. Typical inorganic semiconductor such as Ge, Si, and GaAs have low energy 

bandgaps of 0.67 eV, 1.1 eV, and 1.4 eV, respectively. Therefore, in these materials free charge 

carriers can be generated by thermal excitation even at room temperature. The typical range of 

conductivity of these materials is about 10-8 to 10-2 Ω-1cm-1. On the other hand, conductivity of 

organic semiconductors is extrinsic, and it results from charge carrier injection from external 

electrodes, doping of materials and dissociation of photogenerated electron-hole pairs [57]. The 

absorption and emission of light take place typically in the range of 2 ~ 3 eV in organic 

semiconducting materials. Commonly known organic semiconductors are pentacene, Cn-

benzothieno-benzothiophene (Cn-BTBT), poly(3-hexylthiophene-2,5-diyl) (P3HT) among 

others and they have found extensive utility in the applications of organic light emitting diode 

(OLED), organic field effect transistor (OFET), organic solar cell (OSC), and OPD [58, 59, 

60]. Historically, organic semiconductors have been used in xerographic copiers and laser 

printers as well. Compared to inorganic semiconductors, organic semiconductors have their 

own set of advantageous properties. Such as, organic materials are suitable for fabrication of 

solution processed devices at low temperatures with large active areas. Large-scale 

manufacturing is also possible by utilizing the techniques of inkjet printing or roll-to-roll 

fabrication. Organic semiconductor devices can be fabricated even on flexible substrates with 

a variety of geometrical degrees of freedom [61]. In addition, by tuning the chemical structure 

of the molecular organic materials, the spectral sensitivities of the devices can be tailored for 

the respective application. OLEDs are being used extensively in high-definition display 

technologies while OFETs, OSCs, and OPDs are being investigated and developed for 

industrial usage. Lastly, organic semiconductors can be based on small molecules such as 

pentacene, or it can be long repeating chain of molecules, also called a polymer, such as P3HT. 

Semiconducting polymers are attractive because of their low cost, ease of processibility and 
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good mechanical properties [62]. However, the polymerization reaction is inherently difficult 

to synthesize and reproduce polymer semiconductor with the exact molecular weight. Small 

molecule semiconductors can circumvent this issue as they can be synthesized and reproduced 

reliably and precisely. 

1.6 Liquid Crystalline Semiconductors 

Liquid crystalline materials exhibit a state of matter that is in between crystalline solids and 

isotropic liquids. There are many different types of liquid crystal phases, which are most 

commonly distinguished on the basis of their optical properties, such as optical textures. The 

unique textures result from the different molecular arrangements and orientations within the 

grains of the material. Within a single pure grain, the molecules are usually well-ordered. But 

the direction of orientation between different grains can be different and so the textures are 

distinct from one phase of LC material to another. 

 

Figure 1.4. (a) Chemical structure of liquid crystalline 8H2Pc material, schematic illustration 

of the molecular arrangement in (b) Colh and (c) Colr phases, (d) Chemical structure of 

crystalline 8H2Pc material. 

Figure 1.4 (a) shows the chemical structure of 1,4,8,11,15,18,22,25-octaoctyl-phthalocyanine 

(8H2Pc) which is an organic semiconductor material with LC properties. The molecules of this 

material are shaped like a disc, and it exhibits two discotic LC phases: columnar rectangular 

(Colr, 86 °C to 98 °C) phase and columnar hexagonal (Colh, 98 °C to 149 °C) phase [63]. The 

availability of these mesophases can be seen in the differential scanning calorimetry (DSC) 

thermogram as shown in Fig. 1.5 (a). In the Colh and Colr phases, the columns of the molecules 

are aligned in hexagonal and rectangular patterns, respectively. When columns are aligned on 

perpendicular on the substrate, the LC films in the Colh and Colr phases show no retardation 

and some retardation, respectively, while observing through polarized microscope, because the 
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molecules in the Colr phase are titled in each column. A generalized schematic diagram of the 

orientation of the molecules in these two LC phases is shown in the Fig. 1.4 (b) and (c). 8H2Pc 

demonstrates high carrier mobility with maximum hole mobility of 0.2 cm2/Vs in the LC phase 

measured by the time-of-flight technique [64]. 8H2Pc is also highly soluble in common organic 

solvents at room temperature and so it is possible to prepare thin film devices by solution 

process at low cost. Finally, this LC material has high absorbance in the NIR spectrum region 

which makes it a suitable candidate for fabricating narrowband NIR photodetectors. 

 

Figure 1.5. DSC thermograms of (a) 8H2Pc and (b) 8OH2Pc.  

In addition to the LC 8H2Pc material, another organic semiconductor, 1,4,8,11,15,18,22,25-

octaoctyloxy-phthalocyanine (8OH2Pc), was utilized in this study to compare the optical and 

electronic performance. Contrary to 8H2Pc, the 8OH2Pc material does not show any mesophase 

as it shows only one phase transition temperature from crystalline to liquid phase at 64ºC in 

the DSC thermogram (Fig. 1.5 (b)). Also as shown in Fig. 1.4 (d), the chemical structure of this 

material is very similar to 8H2Pc, and so they exhibit good absorption in the NIR window and 

good solubility in organic solvents making them very suitable for the fabrication of NIR 

photodetectors. 

 

Fig. 1.6. Schematic illustration of the tilt angle θ between the (a) local director and the long 

axis for a rod-like molecule and (b) local director and the columnar axis for a disc-like molecule. 

Here, it was assumed that the individual disc-like molecules do not have any tilt angle with 

respect to the columnar axis. 
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An established method of comparing the degree of the orientation of the molecules is called 

the order parameter (S). S represents the orientational order of the molecules of the LC material 

with regards to the individual orientational deviation of the molecules from the director (�̂�). 

The director is the common axis along which the LC molecules show a tendency to be roughly 

pointed. It can be thought as the molecular direction of preferred orientation in LC mesophases. 

Typical value of S ranges from 0.3 to 0.9 which depends on the temperature of the sample. If 

the sample is in perfect order, the value of S is unity. The order parameter can be calculated 

with the following equation [65]: 

𝑆 =  
1

2
< 3𝑐𝑜𝑠2𝜃 − 1 > 

Here, θ denotes the angle between the local director and the long axis or columnar axis of each 

molecule or column. The <> brackets denote taking the average over all of the molecules or 

columns in the sample. In an isotropic liquid, the average of the cosine terms is zero, and 

therefore the order parameter evaluates to zero. On the other hand, in a perfect crystal, the order 

parameter evaluates to one. This same concept can be applied to rod-like and disc-like 

molecules as shown in Fig. 1.6. However, for disc-like molecules, the relative tilt angles of the 

individual molecules with respect to the columnar axis should also be considered for evaluating 

S which requires a much more extensive investigation of the sample [66]. Such a detailed 

analysis of the order parameter of disc-like materials is out of the scope of this study, so a 

relatively simple parameter of “degree of face-on orientation” was evaluated for the 8H2Pc 

samples. For this purpose, the degree of face-on orientation was defined as the percentage of 

the sample area that achieved the face-on molecular orientation and it was evaluated from the 

peak intensity of the in-plane XRD spectra of the samples. 

1.7 Objectives of This Study 

Each photodetector is designed to serve one or more specific purposes and in order to do it 

efficiently, a photodetector must be sensitive in a certain spectral region where its responsivity 

is well defined. Thus, the primary objective of this study was to realize highly efficient NIR 

photodetectors with liquid crystalline semiconductor material and improving the performance 

by investigating the underlying factors that influence the optical and electrical characteristics. 

To objectively evaluate the sensitivity and efficiency of the photodetectors in a wide range of 

wavelengths and operation modes, the figures of merit such as responsivity, external quantum 

efficiency, and shot-noise-limited specific detectivity were chosen for their wide acceptance 

(9) 



19 

 

and reported values. In terms of these figures of merit, the objective was to achieve the state-

of-the-art responsivity level of 0.5 A/W, external quantum efficiency of 50%, and shot-noise-

limited specific detectivity of 1013 Jones within the NIR-I window, i.e., between 700 nm to 

1000 nm wavelength. In addition, to affirm that the realized devices can be utilized in practical 

situations, the demonstration of vital signal monitoring of a human subject was aimed as one 

of the most important objectives of this study. 

1.8 Organization of This Thesis 

This thesis is organized in 6 chapters. In Chapter 1, the motivation and objectives for this study 

along with a brief introduction to photodetectors are given. In Chapter 2, the material 

preparation and device processing of the rigid and flexible photodetectors are presented. At the 

end of Chapter 2, the methods of characterizing and evaluating the photodetectors are described. 

The analysis of the optical and electrical characteristics of photodetectors prepared with the 

alkoxy phthalocyanine derivative, 8OH2Pc, are discussed in Chapter 3. These characteristics 

are analyzed based on the thin film condition such as intermixing condition, grain size and 

purity, and crystalline order of the active layer. Next, in Chapter 4, the optical and electrical 

characteristics and thin film condition of photodetectors based on the LC alkyl phthalocyanine 

derivative, 8H2Pc, are discussed and compared with the previous results. From this comparison, 

the unique features of LC materials in the performance of NIR photodetectors are presented. 

In Chapter 5, at first, the response speed, air stability, and reliability of the champion OPD are 

reviewed for practical application. After confirming the sufficient photo response, the practical 

utility of the champion device is demonstrated by monitoring the vital signal of a human subject 

in real time. As the OPD was also implemented on flexible plastic substrate, its mechanical 

flexibility and performance are also discussed in this chapter. Finally, the overall summary of 

this study and the future outlook are detailed in the last chapter.  
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Chapter 2 

Experimental Methods 

 

2.1  Material Preparation 

To prepare the bulk heterojunction thin films of different DA blends, 8H2Pc and PC61BM were 

mixed in weight ratios of 4:1, 1:1, and 1:4, and 20 mg/mL solutions in chloroform were 

prepared. In a similar fashion, 8OH2Pc and PC61BM were mixed in weight ratios of 8:1, 4:1, 

2:1, 1:1, 1:4, and 1:8, and each mixture was dissolved in chloroform for preparing solution with 

concentration of 20 mg/mL. 

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Clevios PVP Al 4083, 

purchased from Heraeus) solution was prepared by diluting the purchased solution to 0.125 

wt% with isopropyl alcohol (IPA). To remove the large particles, the solution was filtered 

through a 45 µm PTFE filter. 

For the fabrication of inverted photodetectors, poly(ethylenimine) ethoxylated (PEIE) solution 

was prepared by diluting the purchased solution to 0.4 wt% with ethanol. 

To anneal the neat 8H2Pc and 8H2Pc:PC61BM bulk heterojunction films, it was necessary to 

cover the samples with a sacrificial polymer layer. This polymer layer prevented dewetting 

during the thermal annealing at liquid crystalline temperature and enabled the reorientation of 

the molecules. To prepare the polymer solution, 2600 mg poly(methacrylic acid) (PMAA) was 

dissolved in 20 mL water to prepare a 13 wt% solution. As an additive, 650 mg (1/4 by weight 

of PMAA) ethylene glycol was added to the solution. The solution was stirred with a magnetic 

stirrer at 50°C, 800 rpm for 24 hours to obtain a homogeneous solution. 

2.2  Preparation of Samples and Devices 

2.2.1 Thin Films on SiO2 and Glass Substrates 

For evaluating the surface morphology, absorption spectrum, and optical texture of the bulk 

heterojunction active layer, thin films of the DA blend were prepared by spin-coating technique. 

The size of the SiO2 and glass substrates was 25 mm × 20 mm. At first, SiO2 substrates and 
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glass substrates were cleaned by using detergent in ultra-pure water, IPA, and acetone in ultra-

sonic baths. The substrates were dried, and then the active layer solution was spin-coated at 

1000 rpm for 60 s at room temperature. A slope of 1 s was used to smoothly accelerate and 

decelerate the substrates during the spin-coating process. The thickness of the spin-coated films 

was approximately 250 nm as measured with a stylus profiler. 

2.2.2 Annealed Samples on SiO2 and Glass Substrates 

After preparing the thin films on SiO2 or glass substrates, the samples were covered with a 

PMAA polymer layer by spin coating the PMAA solution at 4000 rpm for 120 s. An 

acceleration slope of 5 s was used to smoothly distribute the solution over the surface of the 

thin film. Even after spin-coating the polymer layer contained a significant amount of residual 

water, so they were transferred inside a vacuum chamber and dried for 10 mins. After 10 mins, 

the samples were taken out and placed on a hot plate for thermal annealing. 

As the liquid crystalline 8H2Pc material shows two mesophases: columnar rectangular phase 

from 86°C to 98°C and columnar hexagonal phase from 98°C to 149°C, the samples were 

thermally annealed at 90°C and 140°C each for 30 mins and 1 min to observe the effect of 

annealing duration at different columnar phases. 

In addition, to observe the effect of rate of cooling, a portion of the samples were slowly cooled 

down to room temperature at a rate of 3°C/min and another portion was rapidly cooled down 

to room temperature by placing the hot samples on a large metal sheet. Hereafter, these samples 

will be referred to as “TA90-Slow” (or “TA140-Slow”) and “TA90-Rapid” (or “TA140-

Rapid”), respectively. 

2.2.3 Photodetectors on Glass Substrates 

As mentioned in Chapter 1.2, there are two architectures of photodiodes: conventional and 

inverted architecture. The fabrication process of the two devices is briefly discussed below: 

i. Glass substrates patterned with indium tin oxide (ITO) were cleaned by using 

detergent in ultra-pure water, IPA, and acetone in ultra-sonic baths.  

ii. To increase the surface wettability, the cleaned substrates were then treated with 

UV-ozone for 15 min. 

iii. In case of conventional photodiodes, the next step was to spin-coat the PEDOT:PSS 

solution at 2000 rpm for 30 s at room temperature. During spin-coating, 1 s slope 
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was used to smoothly accelerate and decelerate the substrates. The samples were 

then dried at 130°C for 10 min. For inverted photodiodes, 0.4 wt% PEIE solution 

was spin-coated at 3000 rpm for 30 s at room temperature. In this case, the slope 

was 4 s. The samples were then dried at 100 °C for 10 min.  

iv. After drying, the active layer solution was spin-coated on the samples at 1000 rpm 

for 60 s at room temperature. Again, 1 s slope was used to smoothly accelerate and 

decelerate the substrates. The thickness of the active layer was approximately 250 

nm as measured with a stylus profiler. 

v. Next, for conventional photodiodes, 60 nm Al electrode was deposited on top of the 

active layer at 30 Å/s inside a vacuum chamber. For inverted OPDs, at first 3 nm 

layer of MoO3 was deposited on top of the active layer at a rate of 0.2 Å/s. Finally, 

60 nm Au electrode was deposited at a rate of 4 Å/s inside a vacuum chamber. The 

active area of the diodes was defined by using different shadow masks with 

openings of 1 mm2 and 16 mm2. 

 

 

Figure 2.1. Schematic illustration of (a) conventional and (b) inverted photodiodes on rigid 

glass substrate. 

2.2.4 Photodetectors on Flexible Substrates 

i. Polyethylene terephthalate (PET) substrates (ルミラー T60) of 25 µm thickness were 

at first cut into approximately 18 mm × 18 mm pieces and then cleaned using detergent 

in ultra-pure water, IPA, and acetone in ultra-sonic baths. At the same time, glass 

substrates of approximately 22 mm × 22 mm size were also cleaned in the same method. 

ii. Next, CYTOP (CTL-809A) was spin-coated on the glass substrates at 500 rpm for 30 

s. After spin-coating, the PET substrates were pasted on top the CYTOP covered glass 

substrates. 
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iii. To firmly fix the PET substrate on the glass substrate, the samples were then baked at 

80°C for 60 mins followed by a secondary bake at 130°C for 60 mins. 

iv. Next, 60 nm Al electrode was thermally deposited on the substrates inside a vacuum 

chamber. A metal shadow mask was used to create the desired pattern of the electrode.  

v. The samples were taken out of the vacuum chamber and a thin layer of PEIE was spin-

coated at 3000 rpm for 60 s with a slope of 1 s at room temperature. The samples were 

then dried at 100°C for 10 min and then allowed to cool down to room temperature.  

vi. After cooling down, the active layer was spin-coated on the samples at 1000 rpm for 

60 s. Again, during this spin-coating process, 1 s slope was used to smoothly accelerate 

and decelerate the substrates. 

vii. The substrates were then placed inside a vacuum chamber for depositing the counter 

electrode. This time, 20 nm Ag electrode was deposited on top of the active layer 

through a metal shadow mask. The thickness of the Ag electrode was chosen to be 20 

nm because of its semi-transparency (27% at NIR wavelength of 740 nm) and relatively 

good electrical conductivity. The metal shadow mask defined the active area of the 

devices to be 1 mm2 and 4 devices were prepared on each substrate. 

 

Figure 2.2. Schematic illustration of the flexible device on PET substrate 

2.2.5 Encapsulation of Devices 

To isolate the device from atmospheric effects, the device was encapsulated by using 2 glass 

substrates and epoxy glue (コニシボンド クイック５ エポキシ樹脂系接着剤). At first, the 

A type and B type glues were mixed in 1:1 ratio and deposited around the active area of the 

device using a thin needle. Next, a glass substrate was placed on top and allowed to rest for 10 

min. When the epoxy glue hardened, it created a barrier layer and isolated the device from 

outside atmosphere as shown in Fig. 2.3. 

 



24 

 

 

Fig. 2.3. (a) Top and side view of the encapsulated device with two glass substrates and 

epoxy glue. (b) Position of the device when illuminated from the top. 

In addition to isolating the device from atmospheric effects, the encapsulation technique 

allowed the device to be illuminated either from the bottom or the top of the device as shown 

in Fig. 2.3 (b). 

2.3  Sample and Device Characterization 

2.3.1 Observation of Surface Morphology 

The surface morphology of the thin film was observed, and the root mean square (RMS) 

roughness of the film surface was evaluated using the atomic force microscopy (AFM) in 

tapping mode. For this measurement, Seiko Instruments SPI3700 was used. 

2.3.2 Observation of Optical Texture 

While observing the thin films of different materials, the light is scattered by the molecules 

inside the film and results in different optical textures. By using a polarizer, polarizing optical 

microscopy (POM) can be used to evaluate the existence of different phases of the material or 

the orientation of the molecules in certain directions. For this observation, Nikon ECLIPSE 

LV100 microscope was used. 

2.3.3 Observation of Optical Properties 

As a general note, transmission, absorption, emission, reflection, refraction, diffraction, or 

scattering effects are the optical properties of a material when it interacts with light [67]. For 

semiconductors, these optical properties depend on the characteristics of the electronic bands 

or more specifically, the atomic structure, presence or absence of certain atoms, chemical 

bonding, etc [68]. As this study is on the topic of photodetectors, the absorption and 

transmission spectra of different materials and blend of materials were observed in the ultra-
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violet (UV), visible, and NIR windows. For this measurement, Hitachi Spectrophotometer U-

3900H was used. 

2.3.4 Evaluation of Dielectric Constant 

To evaluate the dielectric constant (εr) of the 8H2Pc material at different phases and investigate 

its temperature dependence, an LC cell with ITO electrodes and spacing of 3.68 μm and active 

area of 16 mm2 was prepared and 8H2Pc was injected into the cell at 160ºC. The LC cell was 

placed on top of a hot stage (Mettler Toledo) and the capacitance of the sample was measured 

with a precision LCR meter (Agilent 4284A) at different temperatures over a frequency range 

of 20 Hz to 1 MHz. The respective εr values were extracted using the following equation: 

𝜀𝑟 =
𝐶𝑑

𝐴𝜀0
 

Here, C, d, A, and ε0 represent the capacitance of the sample, spacing between the electrodes, 

active area, and dielectric constant of air, respectively. 

2.3.5 Electrical Characterization 

The electrical characteristics of the photodetectors were evaluated in ambient air using a 740 

nm surface mounted LED (OSA Opto Light GmbH, OCX-440 Star). The output light intensity 

of the LED was controlled by modulating the input voltage and the light intensity was measured 

with a silicon photodiode (ADCMT 82314A Optical Sensor). The current-voltage 

measurement data was collected using a source measurement unit (ADCMT 8252 Digital 

Electrometer). As the output light intensity of the LED could be quite strong (greater than 1 

mW/cm2), there was a possibility that significant number of excitons could be generated 

outside the active area of the device and enter the active area, resulting in overestimation of 

photodetector parameters. To prevent such an effect, and to evaluate the extent of the possible 

overestimation, the current-voltage characteristics were evaluated with and without a shadow 

mask with an opening of 16 mm2. The schematic illustration of the experimental setup for this 

purpose is shown below [69]. 

 

(10) 



26 

 

 

Fig. 2.4. Schematic illustration of the setup for measuring R, EQE, and D*
sh in this study [69]. 

The measurement setup shown in Fig. 2.4 was also utilized for the evaluation of NEP of the 

photodetectors. In that case a chopper and neutral density filters were inserted in between the 

740 nm LED and the shadow mask. The chopper was operated at ~10 Hz to measure the 

transient photoresponse of the OPD and NEP was calculated from the observations. The neutral 

density filters were used to modulate the intensity of the light. 

In addition to evaluating the OPDs at the NIR wavelength of 740 nm, they were also evaluated 

over the wavelength range of 500 nm to 900 nm. For this purpose, a xenon lamp in combination 

with a monochromator controller (Koken Kogyo MD-1000), a mirror, and a convex lens was 

used as shown in the following figure [70].  

 

Fig. 2.5. (a) Schematic illustration of the measurement setup for R, EQE, and D*
sh, (b) a 

representative measurement of Jdark and (Jphoto - Jdark) spectra with a reverse bias voltage of -



27 

 

0.5V, (c) light intensity spectra incident on the ITO electrode, and (d) calculated EQE and D*
sh 

of the device [70]. 

To evaluate the cutoff frequency and transient photoresponse of the OPDs, a 740 nm LED with 

light intensity of 8 mW/cm2 was used as the light source. The variable frequency input 

waveform was supplied using a multifunction synthesizer (NF Electronic Instruments 

Wavefactory 1941) and amplified by a high-speed power amplifier (NF Electronic Instruments 

4010). The input and output waveforms were captured by an oscilloscope (LeCroy 312A 

100MHz) with a load resistance of 10 kΩ. 

2.3.6 DSC Measurement of Blend Material 

8H2Pc and PC61BM were mixed in the ratio of 1:1 w/w and dissolved in a small amount of 

chloroform. The solution was then dried at 95°C without boiling the solvent. Next, the sample 

was placed inside a vacuum chamber for 30 min to completely remove the solvent. 3.4 mg of 

the dry sample was used to measure the DSC of the 8H2Pc:PC61BM blend sample. The 

differential scanning calorimeter DSC-60 manufactured by Shimadzu was used for this 

measurement. 

2.4  Summary of Chapter 2 

In this chapter, the methods of material preparation, the fabrication of thin film samples and 

photodetectors with conventional and inverted architecture on top of glass and plastic 

substrates were discussed in detail. The process of annealing the thin films in different 

conditions and device encapsulation was also reported. The method of evaluating the dielectric 

constant of 8H2Pc and temperature dependence of this constant was also described. Finally, the 

measurement setup for the evaluation of the devices was explained with schematic illustrations 

and the procedure for DSC measurement of the 8H2Pc:PC61BM blend sample was described. 
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Chapter 3 

 8OH2Pc:PC61BM Near-infrared Organic Photodetectors 

 

In this chapter, the optical and electrical characteristics of the organic photodetectors prepared 

with the blend of 8OH2Pc and PC61BM is reported. As shown in the following figure, the 

8OH2Pc material has very strong absorption in the NIR region with a peak at 770 nm [70]. This 

peak coincides with the peak of the liquid crystalline 8H2Pc material, but much higher in 

intensity. Therefore, the 8OH2Pc material was chosen initially for the fabrication of NIR 

photodetectors. In latter chapters, the performance of the photodetectors based on 8H2Pc are 

compared with that of the ones based on 8OH2Pc and the underlying differences are discussed 

in detail. 

 

 

Fig. 3.1. (a) Chemical structures, (b) absorption spectra of the organic materials, and (c) visual 

representation of the blend ratios used for the fabrication of photodetectors in this study.  

 

3.1  Optical Characteristics 

Figure 3.2 shows the values of the absorption peak wavelengths and their equivalent photon 

energies for the thin films of neat 8OH2Pc, neat PC61BM, and different blend ratios [70]. Neat 

film of 8OH2Pc showed a peak at 770 nm and two shoulders at 708 nm and 813 nm in the NIR 

window. These three peaks corresponded to 1.61 eV, 1.75 eV, and 1.53 eV, respectively. While 

the thin film of neat PC61BM did not show any absorbance in this region, thin films of 8:1 to 
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1:8 blend samples all showed absorption peaks with gradually decreasing absorption 

coefficient and slight bathochromic shift as the ratio of PC61BM increased. From the position 

of the peaks, it was evident that the optical absorption of the 8OH2Pc:PC61BM system in the 

NIR window is contributed by the 8OH2Pc material. It was interesting to note that in 4:1 and 

2:1 blend samples, new absorption peaks were observed at 878 and 886 nm, respectively. These 

new absorption peaks might have resulted from the intermolecular interaction of 8OH2Pc and 

PC61BM, or the molecular aggregation of 8OH2Pc in these samples changed to J-aggregate. 

The peak intensity at these new positions was higher in the 4:1 blend sample compared to the 

2:1 one. Although the absorption peak at 781 nm became weaker in these two samples, it did 

not disappear completely, indicating that the new optical absorption mechanism coexisted with 

the previous one. 

 

Fig. 3.2. Absorption spectra measurements of different blend samples with the peak position 

and photon energy corresponding to the peaks [70]. 

To clarify the principal reason of the new peaks, the dimeric interaction of 1OH2Pc and 

PC61BM molecules was simulated computationally using density functional theory with the 

RWB97XD method at different sub-nanometer distances as shown in Fig. 3.3 [70]. Here, 

1OH2Pc stands for methoxy phthalocyanine and it was used for simulation to reduce the 

computational load while preserving the necessary parameters of electronic energy interactions 

of the original 8OH2Pc:PC61BM system. The purpose of this simulation was to confirm if the 

creation of charge transfer (CT) states in the bulk heterojunction could affect the absorption 

mechanism of the material system. The simulated absorption spectra in Fig. 3.4 indeed showed 

an extension to the longer NIR wavelengths for the 1OH2Pc:PC61BM dimer when the distance 

between the molecules were sufficiently close, 0.8 nm to be precise. Although this result 

showed a mathematical possibility of creation of interfacial CT states in the investigated bulk 

heterojunction system, it is unlikely for the 8OH2Pc and PC61BM molecules to achieve such 
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nanoscopic molecular distance in both 4:1 and 2:1 blend samples. Thus, it was concluded that 

the dimeric interaction of the 8OH2Pc and PC61BM molecules were not the reason for the new 

absorption mechanism. 

 

Fig. 3.3. 3D model of the 1OH2Pc and PC61BM molecules showing the dimer system 

considered in this DFT simulation [70]. 

 

Fig. 3.4. Simulated absorption spectra of neat 1OH2Pc material and 1OH2Pc:PC61BM dimer at 

different molecular distances [70]. 

Next, the possibility of change in molecular aggregation of 8OH2Pc to J-aggregate was 

investigated by XRD measurement as shown in Fig. 3.5. It was observed that the peaks 

originated from the crystalline 8OH2Pc material, not from the amorphous PC61BM material 

which showed no distinguishable peak in the XRD measurement. The small angle XRD 

patterns of the 1:0, 4:1, and 2:1 blend samples in Fig. 3.5 (c) showed that the peaks of 4:1 and 

2:1 blend samples shifted slightly to smaller angle and the intensity of the peaks were higher, 

even compared to that of neat 8OH2Pc. The d-spacings of peaks of the 1:0, 4:1, and 2:1 blend 
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samples were 19.4 Å, 18 Å, and 17.4 Å, respectively. It suggested that the crystalline structure 

and order of the 8OH2Pc materials slightly changed (transitioned to J-aggregate) and the grain 

of the material increased in size, respectively. In these specific samples, most of the 8OH2Pc 

molecules were considered to be ordered in the slipped-stack packing arrangement due to the 

π-π stacking of discotic molecules, accounting for the appearance of the new absorption peak 

at longer wavelengths [71]. Note that the XRD peak at 4.6º shown by neat 8OH2Pc did not 

disappear completely in the 4:1 and 2:1 blend samples, indicating that not all 8OH2Pc 

molecules transitioned to the J-aggregate crystal structure. That is why the original NIR 

absorption peak did not disappear completely, but the new absorption peak appeared beside it. 

 

Fig. 3.5. (a, b) XRD spectra of thin films of neat 8OH2Pc, neat PC61BM, and different blend 

ratios. (c) Small angle XRD spectra of the thin films of neat 8OH2Pc and 4:1 and 2:1 blend 

samples. 

Thus, the appearance of new absorption peaks was attributed to the J-aggregate type molecular 

packing of the 8OH2Pc material in the bulk heterojunction thin films at specific blend ratio of 

4:1 and 2:1 with 8OH2Pc:PC61BM. 

3.2  Electrical Characteristics 

Figure 3.6 shows the dark and photo current-voltage characteristics of the devices prepared 

with 8:1 to 1:8 blend samples irradiated with 60 mW/cm2 of 810 nm NIR light. All the devices 

showed idea diode performance and photo current output, but their performance depended 

significantly on the blend ratio of the materials. It was observed that the Jphoto increased 

exponentially from the 8:1 to 1:4 blend samples and then decreased slightly at the final 1.8 

sample. On the other hand, the Jdark on reversed bias increased less sharply from the 8:1 to 1:1 

blend samples and then settled to a roughly steady value at 10-8 A/cm2. As a result, the Jphoto/Jdark 

ratio at revise bias of -0.5 V increased exponentially from the 8:1 to 1:4 blend samples, starting 
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from 67 and reaching a peak at 2.3 × 104. As a result, 8:1 and 1:4 blend ratio devices became 

the worst and best performing devices in this experimentation, respectively. 

 

Fig. 3.6. (a - f) Current-voltage characteristics of the OPDs prepared with different blend ratios. 

The active area of the OPDs was 1 mm2 and the measurements were performed with 810 nm 

NIR light with intensity of 60 mW/cm2 [70]. 

After observing the current-voltage characteristics of the OPDs at the wavelength of 810 nm, 

the EQE, R, and D*
sh of the devices were evaluated over the wavelength range of 500 nm to 

900 nm. Note that the Jphoto/Jdark ratio of 8:1 and 4:1 blend samples were so low that these 

parameters could not be measured reliably with our experimental setup, so 2:1, 1:1, 1:4 and 1:8 

samples out of the total 6 samples were used for this comparison. The results of the EQE, R, 

and D*
sh measurements are shown in Fig. 3.7. The 1:4 blend sample showed the highest EQE 

of 18%, R of 0.11 A/W, and D*
sh of 2.1 × 1012 Jones at reverse bias of -0.5 V. These peak 

values were obtained at the NIR wavelength of 770 nm which coincided with the absorption 

peak of 8OH2Pc indicating that the 8OH2Pc material is the principal contributor of photo carrier 

generation in these bulk heterojunction devices.  
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Fig. 3.7. (a) D*
sh, (b) R, and (c) EQE spectra of the NIR photodetectors based on different blend 

ratios of 8OH2Pc:PC61BM [70].  

It was interesting to note that the samples on both sides of 1.4 showed decreasing D*
sh, 

responsivity, and EQE, although their relative positions were not the same as shown in Fig. 3.7. 

In terms of D*
sh, sample 2:1 appeared to be better than sample 1:1, however, in terms of EQE, 

their positions were reversed. This discrepancy can be explained with the help of equations (2) 

and (4), showing that the EQE is dependent on R of the device and the absorption coefficient 

while the D*
sh parameter is dependent on both R and Jdark of the device. As a low level of Jdark 

is a critical parameter for ensuring versatile operation and application of OPDs, D*
sh is 

considered to be a better figure of merit for OPDs rather than EQE. As the sample 1:4 achieved 

the highest values in both of these performance metrics, it was undoubtedly the best performing 

OPD in this study.  

3.3  Performance Analysis 

As described in Chapter 1.2, the generation of photocurrent is the result of 4 steps: photon 

absorption with efficiency ηA, exciton diffusion where ηED is the fraction of excitons reaching 

the DA interface, generated charge transfer exciton and the exciton dissociation at the DA 

interface with efficiency ηCT, and the collection of carriers at the electrodes with efficiency ηCC. 

To explain why the 1:4 blend sample achieved the champion performance, firstly, the 

absorption spectra of the blend films were considered. As shown in Fig. 3.2, it was evident that 

ηA was higher for the samples with higher concentration of 8OH2Pc. However, the 1:4 sample 

had a comparatively lower concentration of the light absorbing 8OH2Pc material suggesting 

that ηA was not the underlying reason behind the improvement of performance. This 

assumption was confirmed by calculating the transmission adjusted EQE to compare the 

internal quantum efficiency across the samples where the relative positions of the blend 
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samples were unchanged as shown in Fig. 3.8 [70]. So, even after accounting for the loss due 

to transmission, other samples could not overtake the 1:4 sample in performance.  

 

Fig. 3.8. (a) Transmittance and (b) Transmittance adjusted EQE spectra of different blend 

samples of 8OH2Pc:PC61BM [70]. 

Next, the change in ηCC was considered to be a possible reason behind the difference in 

performance. As the charge carrier mobilities (μhole and μelectron) of the blend films strongly 

influences how many photo-generated carriers can reach the electrodes without annihilation by 

trap sites which decreases mobility, ηCC is correlated with the carrier mobility. Therefore, the 

μhole and μelectron of the blend samples were extracted using the MIS-CELIV method and they 

are summarized in Table I. The transient current outputs of the MIS devices are also shown in 

Fig. 3.9. 

Table I. Extracted data from the transient current waveshapes of MIS devices prepared 

with 8OH2Pc:PC61BM bulk heterojunction samples. 

Sample |A| (V/s) |j0| (A) t2j0 (s) ttr (s) εs εi ds (cm) di (cm) μ (cm2/Vs) 

2:1 - hole 

1500 

1.1×10-6 2.8×10-3 3.7×10-3 

3 3.9 2.5×10-5 1.0×10-5 

7.8×10-8 

2:1 – electron 8.3×10-7 3.1×10-3 4.1×10-3 6.4×10-8 

1:1 – hole 9.0×10-7 2.5×10-3 3.3×10-3 9.8×10-8 

1:1 – electron 7.9×10-7 6.0×10-3 8.0×10-3 1.7×10-8 

1:4 – hole 1.2×10-6 3.8×10-3 5.1×10-3 4.3×10-8 

1:4 – electron 9.2×10-7 7.2×10-3 9.6×10-3 1.2×10-8 

1:8 – hole 1.2×10-6 6.7×10-3 8.9×10-3 1.4×10-8 

1:8 – electron 9.0×10-7 5.1×10-3 6.8×10-3 2.4×10-8 
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Fig. 3.9. (a-d) Transient current waveshapes for the evaluation of hole mobility. The samples 

were charged at -10 V and discharged at 20 V with a voltage rise rate of 1500 V/s. (e-h) 

Transient current waveshapes for the evaluation of electron mobility. The samples were 

charged at 10 V and discharged at -20 V with a voltage rise rate of -1500 V/s. The metal-

insulator-semiconductor (MIS) system used in this study had the device structure of 

Si/SiO2(100 nm)/Active layer(250 nm)/MoO3(5 nm)/Au(50 nm) [70]. 

The hole and electron mobilities obtained by the MIS-CELIV method were in the order of  

10-8 cm2/Vs which is 2–4 orders of magnitude lower compared to other reported DA blends 

[27]. This low mobility was attributed to the edge-on orientation of the 8OH2Pc molecules and 

polycrystalline nature of the active layer as evident by the out-of-plane XRD measurements. In 

case of discotic molecules, thin film deposited by spin-coating method commonly exhibits 

edge-on orientation which is not favorable for carrier transport in the vertical direction [31, 72]. 

Moreover, the polycrystalline nature of the thin film might have caused considerable grain 

boundary effect, resulting in poor carrier mobility for both hole and electron in the MIS devices. 

However, considering only the change in mobility, the hole and electron mobilities across the 

different samples were hardly changed on the order of 10-8 cm2/Vs as shown in Table I so the 

efficiency of charge collection ηCC for each sample were almost the same. Thus, instead of ηA 

and ηCC, the high photocurrent of the 1:4 and 1:8 blend samples was attributed to the increase 

in ηED and ηCT in the photoactive layer.  
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Fig. 3.10. (a-h) Surface morphology of the different blend samples observed with AFM in 

tapping mode [70]. 

To confirm for this assumption, the surface morphology of the thin films was observed with 

AFM in tapping mode as shown in Fig. 3.10. The neat film of 8OH2Pc, Fig. 3.10 (a), showed 

rough surface with clearly defined structures and that of neat PC61BM, Fig. 3.10 (h), showed 

extremely smooth surface. This difference originated from the crystalline and amorphous 

nature of the materials as 8OH2Pc tends to crystallize rapidly as the solvent evaporates during 

the spin-coating process. This results in distinguishable crystalline grains which could be 

observed with AFM. On the other hand, PC61BM forms amorphous thin film after spin coating 

and so no identifiable features could be observed with AFM.  

In the case of the blend samples, they showed a steady decrease in surface roughness and 

increase in uniformity as the concentration of PC61BM increased. For reference, the RMS 

surface roughness of the 6 samples from 8:1 to 1:8 blend ratio were 9.3 nm, 6.1 nm, 1.3 nm, 

2.1 nm, 0.58 nm, and 0.44 nm, respectively. Comparing the morphology of neat 8OH2Pc with 

a lot of peak and valley structures to that of neat PC61BM with smooth surface, it could be 

concluded that the peaks and valleys on the surface morphology represented the relative size 

of grains inside the active layer. It could be estimated from the features in the AFM images that 
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the grain size in the 8:1, 4:1 and 2:1 blend samples were in the μm order. However, the typical 

diffusion length of singlet exciton in organic semiconductors is in the order of 5–10 nm [73]. 

As a result, most of the excitons generated inside the grains of 8OH2Pc recombined without 

being dissociated and contributing to the photo current. Then, as the relative content of PC61BM 

increased in the 1:1, 1:4 and 1:8 blend samples, the grain size of 8OH2Pc decreased due to the 

nanophase separation inside the bulk heterojunction. In this case, more and more exciton pairs 

could reach the DA interface and the bulk heterojunction became more efficient in exciton 

dissociation leading to exponential increase in photo current. This increase continued until a 

limit was reached at the 1:4 blend sample beyond which the concentration of the light absorbing 

material, 8OH2Pc, became too low to generate enough excitons. Specifically, in the 1:8 blend 

sample, the relative content of 8OH2Pc was only 11% which was reason that this sample could 

not absorb sufficient amount of the incident light for photo current output and thus the 

champion performance was observed at the 1:4 blend sample. 

This performance at the blend ratio of 1:4 w/w of 8OH2Pc:PC61BM is noteworthy as reportedly 

the maximum photo current and EQE in bulk heterojunction OSCs were obtained at a ratio of 

approximately 1:1 w/w in polymer-based bulk heterojunction such as P3HT:PC61BM [74] and 

2:1 w/w in small molecule-based bulk heterojunction such as C6PcH2:PC61BM [75]. This 

might have resulted because of the compact π–π stacking and strong intermolecular force 

enabled by the presence of the oxygen atoms in the alkoxy chains of the 8OH2Pc molecule. 

The crystalline nature of the spin-coated film as seen in the XRD patterns and AFM 

measurements and the slightly lower solubility of 8OH2Pc compared to its alkyl counterpart 

8H2Pc support this assumption. As a result of this compact π–π stacking, the grain sizes in the 

bulk heterojunction tended to be much larger compared to other polymer- or small molecule-

based bulk heterojunction even at a blend ratio of 1:1 w/w. Thus, a much higher concentration 

of amorphous PC61BM (80% by weight) was necessary to reduce the grain sizes to the optimum 

level and reach the maximum photocurrent, D*
sh, and EQE values in the 8OH2Pc:PC61BM 

OPDs.  

3.4  Summary of Chapter 3 

In this chapter, the optical and electrical characteristics of 8OH2Pc:PC61BM based NIR OPDs 

were discussed. The champion devices were found at the blend ratio of 1:4 w/w and showed 

EQE of 18%, R of 0.11 A/W, and D*
sh of 2.1 × 1012 Jones at 770 nm. From the observations of 

XRD spectra and AFM images, it was noted that 8OH2Pc quickly crystallized after spin-coating 
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and resulted in rough surface morphology and grain size of µm order in the bulk heterojunction 

active layer. With the increase in amorphous PC61BM content, the surface roughness and grain 

size were reduced, allowing photo generated exciton pairs to reach the DA interface efficiently 

and dissociate into free carriers. As a result, the best performance was observed at a relatively 

higher ratio of PC61BM compared to other contemporary reports. The results indicated the very 

significant role of bulk heterojunction condition on the performance of OPDs. It was also clear 

that the nature of the organic materials and their interaction influenced the morphology and 

crystalline order of the thin film ultimately impacting the performance of the organic devices. 
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Chapter 4 

8H2Pc:PC61BM Near-infrared Organic Photodetectors 

 

In this chapter, the optical and electrical characteristics of the organic photodetectors prepared 

with the blend of 8H2Pc and PC61BM are reported. The findings from the experimentation of 

8OH2Pc:PC61BM OPDs were taken into consideration and the optimal bulk heterojunction 

condition for the 8H2Pc:PC61BM system was investigated. Discussion on the influence of liquid 

crystallinity in the bulk heterojunction condition and device performance is also presented 

based on XRD and AFM measurements. Finally, the devices were implemented on rigid glass 

substrates and their performance is compared based on the EQE, R, and D*
sh figures of merit. 

4.1  Optical Characteristics 

As shown in Fig. 4.1, the neat 8H2Pc material showed two peaks at 630 nm and 760 nm 

wavelength. The intensity of the peaks decreased in the blend samples with the increase in 

PC61BM as it does not show any absorption in the mentioned wavelength region. Unlike the 

8OH2Pc:PC61BM system, the 8H2Pc:PC61BM did not show any new peaks in the NIR region.  

 

Fig. 4.1. (a) Chemical structures and (b) absorption spectra of the organic materials used in this 

study [69]. 

4.2  Electrical Characteristics 

Fig. 4.2 shows the current-voltage characteristics of the 4:1, 1:1, and 1:4 samples under dark 

and illuminated by NIR light 740 nm of 3.2 mW/cm2 conditions. Under dark condition, all the 

OPDs showed low reverse bias current density with the 4:1 sample showing the lowest 19 

nA/cm2 and the 1:1 and 1:4 samples showing 54 nA/cm2 and 42 nA/cm2 at -1 V, respectively. 



40 

 

However, the 1:1 sample showed the highest rectification ratio of 104 suggesting that good 

blocking contact was formed between the organic layer and electrodes which resulted in low 

carrier injection in the reverse bias but high carrier injection in the forward bias condition of 

the 1:1 sample. In addition, under illuminated condition, the highest reverse bias current was 

shown by the 1:1 sample with 0.56 mA/cm2 which resulted in the champion R, EQE, and D*
sh 

values of 0.2 A/W, 29%, and 1.3 × 1012 Jones, respectively.  

 

Fig. 4.2. Current-voltage characteristics of the (a) 4:1, (b) 1:1, and (c) 1:4 samples under dark 

and illuminated conditions. The device area was 16 mm2 and the photo current was measured 

with and without using a shadow mask with an opening of 16 mm2 and the incident light 

wavelength and intensity were 740 nm and 3.2 mW/cm2, respectively [69].  

In order to confirm whether excess exciton pairs generated outside the device area could enter 

the active area of the device and inflate the photo current, the photo current was measured with 

and without using a shadow mask with an opening of 16 mm2. However, hardly any difference 

was observed between the measurements with and without the shadow mask as shown in Fig. 

4.2. A relative difference of 4.1% in photo current was observed in the sample 1:1 while the 

other two samples showed less than 1% which was concluded to be negligible. It has been 

reported that the diffusion length of excitons in metal free phthalocyanine or organic bulk 

heterojunction is in the order of several nm and so it was surmised that almost all of the photo 

generated exciton pairs resulted in recombination outside of the device area and did not 

influence the photo current output [73, 76]. After confirming that the photo current 

measurement was accurate, the figures of merit of the OPDs were evaluated over the 

wavelength range of 500 nm to 900 nm.  
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Fig. 4.3. (a) R, (b) EQE, and (c) D*
sh spectra of the champion device at different reverse bias 

voltages. 

As shown in Fig. 4.3, the R and EQE of the champion OPD improved upon increasing the 

reverse bias voltage as more photo-generated carriers could be collected by the electrodes and 

more photo current could be generated. However, it also meant that the corresponding dark 

current was increased and so the D*
sh of the OPDs decreased in higher reverse bias. Considering 

this trade-off, the reverse bias voltage of -1 V chosen for evaluating the figures of merit of the 

OPDs. A complete comparison of the NIR OPDs at this reverse bias voltage of -1 V is provided 

in Table II which shows the superior performance of the 1:1 blend sample. 

Table II. Figures of merit of the 8H2Pc:PC61BM NIR OPDs measured at 740 nm 

wavelength. 

Blend ratio 
Rectification 

Ratio 

 EQE 

(%) 

R 

(A/W) 

D*
sh 

(Jones) 

 -5 V to 5 V  At -1 V reverse bias 

4:1  6 × 103  16 0.1 1.2 × 1012 

1:1 1 × 104  29 0.2 1.3 × 1012 

1:4 4 × 103  13 0.08 6.8 × 1011 

 

Although the D*
sh is a well reported and relatively easy to calculate figure of merit, its drawback 

is the assumption that the shot noise is the source of noise current in dark condition. This 

assumption results in overestimation of detectivity especially when there are other system-

specific mechanisms contributing to the noise current such as flicker noise, or elements of static 

and dynamic disorder such as trapping/detrapping, generation/recombination mechanisms and 

so on [77]. As a consequence, to accurately assess the detectivity of an OPD, it is necessary to 
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directly measure the NEP and extract the D* according to equation (3). Figure 4.4 shows the 

measurement results for the champion OPD. At a bandwidth of 1 Hz, it was able to detect faint 

light of 740 nm down to 5 nW and so the NEP of the device was 5 nW/Hz1/2. Note that the 

active area of the device was 0.16 cm2, and so the power density was approximately 31 nW/cm2. 

So, the specific detectivity of the OPD at 740 nm wavelength resulted in 2.5 × 108 Jones. 

 

Fig. 4.4. (a) Transient photo current and (b) Fourier transform of the transient photo current of 

the photodetectors. 

4.3  Performance Analysis 

In our previous investigation of the OPDs fabricated with 8OH2Pc:PC61BM active layer, high 

photo current output was attributed to the increased efficiency of excitons reaching the DA 

interface and dissociating into free charge carriers to be eventually collected at the electrodes. 

These effects were made possible by smaller grain sizes and better intermixing of the materials 

at the blend ratio of 1:4 by weight where the best performance was observed [70]. The 

amorphous nature of PC61BM was helpful in suppressing to growth lager crystal grain of donor 

materials and so large DA interface area and small grain size was achieved at 80% PC61BM 

ratio. However, in the case of the 8H2Pc:PC61BM system, the relative content of PC61BM was 

less critical as the best performing OPD was achieved at 50% PC61BM ratio and all the OPDs 

showed markedly high EQE from 13% to 29%. This result suggested that the bulk 

heterojunction condition such as the grain size, crystalline order, intermixing condition, and 

surface morphology were favorable for good photo response across all the samples. In order to 

clarify and quantify these factors, the four process efficiencies of ηA, ηCC, ηED, and ηCT were 

again considered. Similar to the previous observations, ηA was highest for the 4:1 sample but 

the champion performance was observed at the 1:1 8H2Pc:PC61BM sample. So, it could be 

concluded that instead of ηA, other process efficiencies might have played a more important 

role. Next, to understand the change in ηCC, the charge carrier mobility in these bulk 

heterojunction samples were evaluated with the MIS-CELIV measurement technique. The  
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results are summarized in the following table and the transient current waveshapes are shown 

in Fig. 4.5. 

Table III. Extracted data from the transient current waveshapes of MIS devices prepared 

with 8H2Pc:PC61BM bulk heterojunction samples. 

Sample |A| (V/s) |j0| (A) t2j0 (s) ttr (s) εs εi ds (cm) di (cm) μ (cm2/Vs) 

4:1 – hole 

4000 

9.6×10-7 4.0×10-3 5.1×10-3 

3 3.9 2.5×10-5 1.0×10-5 

1.6×10-8 

4:1 – electron - - - - 

1:1 – hole 1.3×10-6 1.6×10-3 2.1×10-3 9.4×10-8 

1:1 – electron - - - - 

1:4 – hole 2.1×10-6 5.4×10-3 6.9×10-3 8.6×10-9 

1:4 – electron 2.1×10-6 1.2×10-3 1.5×10-3 1.8×10-7 

 

 

Fig. 4.5. (a-c) Transient current waveshapes for the evaluation of hole mobility. The samples 

were charged at -20 V and discharged at 20 V with a voltage rise rate of 4000 V/s. (d-f) 

Transient current waveshapes for the evaluation of electron mobility. The samples were 

charged at 20 V and discharged at -20 V with a voltage rise rate of -4000 V/s. The metal-

insulator-semiconductor (MIS) system used in this study had the device structure of 

Si/SiO2(100 nm)/Active layer(250 nm)/MoO3(5 nm)/ Au(50 nm). 
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Comparing the hole mobility of different blend samples, it was observed that the 1:1 sample 

showed the highest mobility (9.4×10-8 cm2/Vs) even compared to the 4:1 sample (1.6×10-8 

cm2/Vs). This result is interesting as it is expected that 8H2Pc is the major hole transport 

material in the 8H2Pc:PC61BM system and so higher content of 8H2Pc could show higher hole 

mobility. In this case, in the 1:1 sample, the presence of PC61BM might have helped by 

disrupting the random orientation of the disc-like molecules and creating a better vertical 

charge transport path between the electrodes which resulted in the better hole mobility. Due to 

this increased hole mobility, it was concluded that the ηCC for holes was comparatively better 

in the 1:1 sample.  

Next, the electron mobility of the 1:4 sample was found to be 1.8×10-7 cm2/Vs. However, the 

electron mobility of the 4:1 and 1:1 samples could not be extracted from the transient current 

waveshapes as these samples did not show any identifiable j0 signal as shown in Fig. 4.5. It 

was assumed that the electron injection occurred in the PC61BM material in the MIS device. 

As the 4:1 and 1:4 samples had relatively low concentrations of PC61BM, the electron injection 

was poor and so the current waveshapes did not show any j0 signal. So, although the comparison 

of electron mobilities could not be confirmed, from the comparison of hole mobilities, it could 

be concluded that the 1:1 sample showed better performance due to the better ηCC for holes. In 

future, the electron mobility of all the samples can be compared by preparing MIS devices with 

a metallic electrode that has work function closer to the LUMO of PC61BM. This will ensure 

that the electron injection takes place in all the samples and the j0 signal can be identified. 

Next, the comparisons of ηED and ηCT were performed by the observations of XRD patterns 

and AFM images of the 8H2Pc:PC61BM thin films. First, as shown in Fig. 4.6 (a), neat 8H2Pc 

material shows a peak at 4.7° corresponding to d-spacing 1.9 nm which coincides with the 

intercolumnar distance of the discotic molecules. The position of the XRD peak shown by the 

4:1 sample was at the same position however the intensity of the peak was considerably lower. 

This suggested that the grains of 8H2Pc in the bulk heterojunction film were isolated and pure 

similar to neat 8H2Pc but without the long-range crystalline order which resulted in smaller 

grain size. Next, the XRD peaks shown by the 1:1 and 1:4 samples gradually shifted towards 

smaller angles and decreased in intensity suggesting that the grains became more mixed in 

nature, smaller in size, and the active layer condition became more amorphous-like with the 

increase of the ratio of the PC61BM material. A similar conclusion could be reached from the 

AFM images of the thin films (Fig. 4.7). The AFM image of neat 8H2Pc exhibited clearly 

defined features on the film surface while that of the neat PC61BM showed extremely smooth 
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and featureless surface, suggesting that the fiber-like texture observed on the surface of the 4:1, 

1:1, and 1:4 samples originated from the pure 8H2Pc grains. However, as the content of 

PC61BM increased, these features diminished, and the surface became smoother at the 1:4 

sample. These observations suggested that at relatively higher concentration of 8H2Pc, the 

grains were isolated and pure while at higher concentration of PC61BM, the grains became 

more and more mixed.  

 

Fig. 4.6. XRD patterns of (a) neat 8H2Pc and neat PC61BM and (b) different blend samples 

[69]. 

The AFM images also showed uniform and smooth surface morphology in all the samples with 

RMS surface roughness of 1.4 nm, 3 nm, and 1.3 nm for the 4:1, 1:1, and 1:4 samples, 

respectively. The fiber-like texture on the surface as shown in Fig. 4.7 (g) evidenced the 

thorough intermixing of 8H2Pc and PC61BM, creating grains of tens of nm-scale sizes and 

allowing the exciton pairs to reach the DA interface easily. It has been reported that the average 

diffusion length in organic materials is 5 nm to 10 nm, where the diffusion length of excitons 

in PC61BM is approximately 5 nm [78] and in metal free phthalocyanine it is approximately 7 

nm [73]. However, depending on the nature of the material, the diffusion length can be longer 

as it has been reported that the exciton diffusion length of another LC phthalocyanine derivative, 

1,4,8,11,15,18,22,25-octahexylphthalocyanine (C6PcH2), is approximately 30 nm estimated by 

the photoluminescence quenching method [76]. As the size of the grains in the bulk 

heterojunction film in this study is of the same order of magnitude, higher number of photo 

generated exciton pairs could reach the DA interface, dissociate into free charge carriers, and 

ultimately reach the electrodes to produce high photo current output. In effect, the ηED and ηCT 

became higher when the grain size became smaller and reached the order of 10s of nm. Note 

that, according the XRD patterns, the 1:4 sample showed the lowest peak, smallest grain size, 

and mixed grain condition. However, due the low content of the photo active 8H2Pc material 

(only 20% by weight), the number of absorbed photons by this sample was less and 

consequently, the optimal condition for highest photon absorption, exciton pair generation, 
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dissociation into free carriers, and carrier collection was reached in the 1:1 sample.  

 

Fig. 4.7. Surface morphology of thin films prepared with (a) neat 8H2Pc, (b) neat PC61BM, 

and (c-e) different blend samples observed with AFM in tapping mode, and (f-h) top view of 

the surface of the thin films with different blend ratios. 

It was noted that regardless of the blend ratio, the 8H2Pc:PC61BM thin films were uniform with 

smooth surface morphology and small grain sizes as seen in the AFM images. These results 

are in high contrast to the conditions of the 8OH2Pc:PC61BM thin films which showed 

comparatively rough surface morphology and grain sizes in the order of µm. As the 8OH2Pc 

material does not show any such mesophases, it quickly crystallized after spin-coating and 

created large crystal grains with long crystalline order. Although this long crystalline order 

may have been beneficial for the transport of charge carriers, large grain size and small area of 

the DA interface was found to be unfavorable for the generation of photo current. The weak 

intermolecular interaction and self-organizing nature of the LC 8H2Pc material was thought to 
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be useful in achieving large area of DA interface and grains of small size and good purity which 

ultimately resulted in better photo response. 

Next, under illuminated condition, high open-circuit voltage of 0.7 V was consistent with the 

high work function difference between the PEDOT:PSS treated ITO electrode and the vacuum 

evaporated Al electrode. In addition, as shown in Fig. 4.8, the difference between the lowest 

unoccupied molecular orbital (LUMO) levels of the donor 8H2Pc and acceptor PC61BM was 

approximately 0.4 eV. Considering the Coulomb potential based on an electron-hole distance 

of 1 nm and a dielectric constant of 3, the electrostatic attraction between an electron-hole pair 

at a donor-acceptor (DA) interface is estimated to be on the order of ∼0.5 eV [79]. As the 

LUMO-LUMO difference in the 8H2Pc:PC61BM system is very close to this limit, it is deemed 

that the energy level difference is sufficiently large for overcoming the binding energy and 

dissociate the excitons efficiently.  

 

Fig. 4.8. Energy band diagram of the materials and electrodes in the 8H2Pc:PC61BM NIR OPD. 

Finally, to explain the increase in Jdark with the increase of PC61BM content in the blend, the 

hole and electron injection was considered [80, 81]. The injection barrier for holes and 

electrons were calculated from the work functions of Al (-4.2eV) and PEDOT:PSS/ITO (-

5.1eV) and the levels of highest occupied molecular orbital (HOMO), -6.1eV, and lowest 

unoccupied molecular orbital (LUMO), -3.7eV, of PC61BM. So, in the reverse bias condition, 

it was calculated that the injection barrier for holes and electrons are 1.9 and 1.4 eV, 

respectively. As this barrier for electrons is lower than that for holes, the increasing Jdark of 

these NIR OPDs were attributed to the increase in charge injection into PC61BM, particularly 

electron injection [70, 69]. As the relative content of PC61BM increased in the blend samples, 

the contact area of PC61BM and electrodes increased, making it easier for the electrons to be 

injected into the bulk heterojunction layer. As a result, the dark current in reverse bias condition 

increased with the increase of PC61BM. 
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4.4  Conventional and Inverted Architecture 

As shown in Fig. 4.9 (a), the current-voltage characteristics of the conventional OPDs showed 

comparatively high Jdark in the reverse bias condition. The Jdark showed continuous increase 

from 0 V onwards which was in high contrast to other state-of-the-art OPDs [82, 83, 4]. As the 

OPD was able to detect NIR light of 740 nm with Jphoto in the order of 10-4 A/cm2, therefore it 

was decided that the exciton pair generation, dissociation, and photo carrier generation in the 

active layer was not a problem. But due to the high Jdark, the detectivity D*
sh was limited to 1.3 

 1012 Jones at -1 V bias. 

 

Figure 4.9. (a) Current-voltage characteristics and (b) energy level diagram of the conventional 

OPD. Measurements were performed with 740 nm light at intensity of 3.2 mW/cm2. 

To improve the performance of the OPD, it was evident that the dark current level needed to 

be reduced. After considering the energy band diagram of the conventional OPDs as shown in 

Fig. 4.9 (b), it was supposed that the Al/organic layer interface barrier was not enough to block 

injection of holes in the reverse bias condition. So, it became necessary to investigate a different 

device structure with a different electrode/organic layer interface. For this purpose, the inverted 

OPD structure was implemented, and the performances were compared. Figure 4.10 (a) shows 

the immediate improvement in dark current in the inverted OPDs. Compared to the 

conventional OPDs, the inverted OPDs showed lower Jdark levels by more than 2 orders of 

magnitude (from 1.4 µA/cm2 to 9.2 nA/cm2 at -5 V bias). Moreover, the Jdark remained roughly 

constant over the reverse bias range of 0 V to -5 V suggesting very good blocking contact 

between the organic layer and the electrodes. This blocking contact was achieved by the 

modification of the ITO surface by the PEIE interlayer which lowered the work function of 

ITO by nearly 1 eV [37, 84]. In addition, the function of the MoO3 interlayer was to align the 

energy levels at the interface of the organic layer and Au electrode [85]. By inserting this layer, 

the energy level shift of the organic PC61BM could be prevented and a large electron injection 
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barrier of 1.4 eV could be realized. Fig. 4.10 (b) shows the energy level diagram of the 

functional materials in the inverted photodiode [86]. 

 

Figure 4.10. (a) Current-voltage characteristics and (b) energy level diagram of the inverted 

OPD. Measurements were performed with 740 nm light at intensity of 19.7 mW/cm2. 

After confirming the improved performance of the inverted OPDs, the EQE, R and D*
sh were 

measured over the wavelength range of 500 nm to 900 nm. The results are shown in the 

following figure. 

 

Figure 4.11. (a) EQE, (b) R and (c) D*
sh of the best performing inverted PD.  

The active area of the diodes was 1 mm2 and the bias voltage was -1 V. 

The measurements showed very good EQE, with maximum value of 61.3% at 630 nm and 60% 

at 760 nm as shown in Fig. 4.11 (a). The R was also impressive with maximum value of 

0.37A/W at 760nm and 0.32 A/W at 740 nm as shown in Fig. 4.10 (b). As it is evident from 

eqn. (2) and (4), D*
sh depends significantly on the dark current rather than EQE. Therefore, 

although the value of EQE improved with the increase in bias voltage, the value of D*
sh of the 

NIR OPDs actually decreased with bias voltage. At 0 V bias, the dark current was minimum 

and so the calculated D*
sh had the maximum value of 1.1  1013 Jones. As these OPDs are 

intended for use in the photoconductive mode, the D*
sh at -1 V bias was also calculated and it 

was found to be 3  1012 Jones. 
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Figure 4.12. Comparison of EQE and EQEadjusted spectra of the inverted OPD at reverse bias 

voltage of -1 V. 

To understand the internal photo carrier generation efficiency of the active material, the 

transmittance data was used to calculate the EQEadjusted over the wavelength region of 500 nm 

to 900 nm. Figure 4.12 shows that the EQEadjusted reached 95% at 620 nm and stays well above 

80% up to 770 nm. Thus, it was concluded that within this spectrum range, the internal carrier 

generation efficiency was nearly unity in the case of these OPDs and so the value of EQE was 

close to the maximum limit with the current device configuration. 

4.5  Effect of Thermal Annealing  

The process of thermal annealing has been widely reported in different fields of devices 

including organic transistors, photodetectors, and solar cells. In many cases, the performance 

of certain devices has been reported to be better due to change in molecular orientation, phase 

separation, aggregation formation, or optimization of the crystallite size [29, 87, 28]. Thus, the 

effects of annealing on the performance of neat 8H2Pc photodetectors were investigated, and 

the investigation results are discussed in this chapter.  

4.5.1 Neat 8H2Pc Thin Films 

Figure 4.13 shows the absorption coefficient and XRD spectra of as coated and annealed 

samples of neat 8H2Pc thin films. The TA140-Slow and TA140-Rapid samples correspond to 

the annealing process as described in Chapter 2.2.2. Firstly, peak positions of as coated and 

annealed films in out-of-plane XRD were the same at 4.7° which corresponds to d-spacing of 

19 Å between columns. This strongly indicated that the crystal structure is not changed. 

However, peak intensity was signification changed, which indicated that the columnar 

orientation was changed. The sharp peak in the in-plane XRD pattern of TA140-Slow indicated 

the orientation of the molecules in the thin film was face-on, while the sharp peak of the as 

coated sample in the out-of-plane XRD pattern indicated that the orientation was edge-on. The 
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effect of this change in molecular orientation was shown in the absorption spectra as the peak 

at 760 nm gradually decreased in intensity from as coated to TA140-Rapid and finally to 

TA140-Slow samples. The results indicate that the intensity of 630 nm was increasing on the 

film with face-on molecular orientation, on the other hand, the intensity of 760 nm was 

increasing on the film with edge-on orientation.  

The in-plane XRD spectra shown in Fig. 4.13 (b) was also used to evaluate the degree of face-

on orientation as defined in Chapter 1.6. In this case, the intensity of the TA140-Slow sample 

(416 cps) was considered to have degree of face-on orientation equal to 1. Relative to this value, 

the TA140-Rapid and as coated samples showed degrees of face-on orientation equal to 0.47 

and 0.14, respectively. The corresponding values of peak intensity were 196 cps and 59 cps, 

respectively. 

 

Fig. 4.13. (a) Absorption coefficient, (b) in-plane and (c) out-of-plane XRD spectra of as coated 

and annealed samples. 

This effect was also confirmed by checking the POM images as shown in Fig. 4.14. The as 

coated sample showed grain-like texture with much retardation while the TA140-Slow and 

TA140-Rapid samples showed dark optical texture indicative of face-on oriented molecules 

[31, 88]. The POM image of the TA140-Slow sample (Fig. 4.14 (b)) shows completely dark 

texture at the right side and some retardation at the left side. As this sample was slowly cooled, 

the nucleus of the face-on oriented molecules originated somewhere in the middle of the sample 

and reached this edge of the domain after spreading outwards. This completely dark texture on 

the right side suggested that the degree of face-on orientation was higher in the TA140-Slow 

sample compared to the mostly dark texture of the TA140-Rapid one (Fig. 4. 14 (c)). 



52 

 

 

Fig. 4.14. POM images of (a) as coated, (b) TA140-Slow, and (b) TA140-Rapid samples 

prepared with neat 8H2Pc material.  

These results suggested that the molecules in the spin-coated thin film of 8H2Pc tend to be in 

edge-on orientation facing in random direction along the surface of the substrate. Due to the 

presence of the liquid crystalline mesophase, it was possible to reorient the direction of the 

molecules to face-on orientation which resulted in the dark texture. As the photodetector 

prepared in this study is a vertical device, it was presumed that this change in orientation from 

edge-on to face-on might be beneficial to the performance of the device by transporting the 

carriers in the vertical direction through the core of the 8H2Pc material. To validate this 

presumption, photodetectors with as coated, TA140-Rapid, and TA140-Slow thin films were 

prepared with a device structure as shown in Fig. 4.15 (a). The current-voltage characteristics 

under dark condition clearly illustrates that the annealed samples showed better diode 

performance with higher rectification ratio. This better performance also was reflected in the 

output current under illuminated condition where the TA140-Slow sample showed the highest 

Jphoto of 150 µA/cm2, and the as coated sample showing the lowest Jphoto of 2.5 µA/cm2 at -10 

V reverse bias. 

 

Fig. 4.15. (a) Schematic illustration of the device and current-voltage characteristics of the 

device under (b) dark and (c) illuminated condition. The devices were illuminated with NIR 

light of 740 nm wavelength at 1.4 mW/cm2. 
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For a comprehensive comparison of these devices, the figures of merit of these devices are 

summarized in the following table. 

Table IV. Summary of figures of merit of photodetectors with as coated and annealed 

active layer of neat 8H2Pc. 

Sample name Rectification 

ratio 

 Jphoto/Jdark
 R (mA/W) EQE 

(%) 

D*
sh 

(Jones) 

 at ±10 V  at -10 V 

As coated 3 × 104  36.3 1.7 0.003 1.2 × 1010 

TA140-Slow 1.1 × 108  1.7 × 104 106.9 0.2 2.0 × 1012 

TA140-Rapid 6.4 × 102  2.6 × 103 17.7 0.03 3.2 × 1011 

 

In addition to the molecular orientation, the change in dielectric constant of the 8H2Pc material 

was also investigated as shown in Fig. 4.16. It was observed that the at isotropic phase 

temperature of 160°C, the εr at 10 kHz was equal to 2.66. As the sample was cooled slowly at 

a rate of 4°C/min, the εr gradually increased to 2.78 at 70°C. Finally, when the sample at the 

crystalline phase temperature of 34°C and the disc-like molecules were in the face-on 

orientation, the εr was evaluated at 3. The value of εr at crystalline phase was unchanged at 3 

even when the sample was rapidly cooled from 160°C to 20°C. 

 

Fig. 4.16 Change in dielectric constant of 8H2Pc at 10 kHz when the sample was (a) cooled at 

a rate of 4°C/min and (b) instantly cooled. 

This result suggested that there was no significant change in the dielectric constant of the neat 

8H2Pc material regardless of the orientation of the molecules being random in the isotropic 
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phase or face-on in the crystalline phase. It was concluded that this lack of change was observed 

as there is no strong dipolar moment present in the disc-like 8H2Pc molecules. In addition, as 

there was no significant change in εr in different molecular orientations, it was concluded that 

the efficiency of exciton pair dissociation was not significantly different in as coated and 

annealed samples. 

4.5.2 8H2Pc:PC61BM Bulk Heterojunction Thin Films 

The condition of the bulk heterojunction thin film differs considerably from that of the neat 

thin films. Thus, the effect of thermal annealing on bulk heterojunction films was also 

investigated by varying the annealing duration and rate of cooling. These films were prepared 

with the blend ratio of the champion OPDs e.g., 1:1 w/w of 8H2Pc:PC61BM. Furthermore, 3 

different annealing temperature was chosen: 50°C, 90°C, and 140°C. As shown in Fig. 4.17, 

when annealing at 50°C, no appreciable change was observed in optical texture and absorption 

spectra regardless of the time duration of annealing and the rate of cooling. It was concluded 

that the molecular orientation of the 8H2Pc molecules were not changed by this annealing 

process. 

 

Fig. 4.17. POM images of (a) as coated, (b) TA50-Slow, and (b) TA50-Rapid samples prepared 

with 8H2Pc:PC61BM blend samples in 1:1 ratio. 

Next, the bulk heterojunction samples were annealed at 90°C which in the Colr phase 

temperature of neat 8H2Pc material. The TA90-Slow sample was annealed for 30 mins and 

cooled down to room temperature at a rate of 3°C/min and it showed obvious phase separation 

between the 8H2Pc and PC61BM materials. However, the TA90-Rapid sample was annealed 

for 1 min and cooled down rapidly to room temperature and it did not show any significant 

difference from the as coated sample. Thus, it was concluded that long duration thermal 

annealing at the Colr phase temperature is necessary to change the condition of the thin film as 

shown in Fig. 4.18.  
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Fig. 4.18. POM images of (a) as coated, (b) TA90-Slow, and (b) TA90-Rapid samples prepared 

with 8H2Pc:PC61BM blend samples in 1:1 ratio. 

Finally, the bulk heterojunction samples were annealed at 140°C which is the Colh phase 

temperature of neat 8H2Pc material. The TA140-Slow sample was annealed for 30 mins and 

cooled down to room temperature at a rate of 3°C/min while the TA140-Rapid sample was 

annealed for 1 min and cooled down rapidly to room temperature. Contrary to the samples 

annealed at 90°C, both TA140-Slow and TA140-Rapid samples showed phase separation and 

change in absorption spectra. The grain size of the phase separated materials were quite 

different in the samples underlying the significance of time duration of the annealing process. 

 

Fig. 4.19. POM images of (a) as coated, (b) TA140-Slow, and (b) TA140-Rapid samples 

prepared with 8H2Pc:PC61BM blend samples in 1:1 ratio. 

The conjectures about change in molecular orientation were confirmed by evaluating the 

absorption spectra of the sample before and after thermal annealing. As shown in Fig. 4.20, the 

relative intensity of the peak at 760 nm coincides with the conclusions made from the POM 

textures. The intensity of the peak is completely unchanged in the TA50-Slow and TA50-Rapid 

samples suggesting no change in molecular orientation. On the other hand, the reduced 

intensity of the peak in the TA90-Slow sample suggested that the molecular orientation was 

changed from edge-on to face-on only in this sample but not in the TA90-Rapid one. Finally, 

significant change in the intensity of the same peak in TA140-Slow sample indicated that the 

degree of change of molecular orientation from edge-on to face-on was highest in this sample 
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compared to all the others. The changes in this peak strength indicated that the growth grains 

after thermal annealing at 90°C and 140°C are in the face-on molecular orientation. 

 

Fig. 4.20. Comparison of absorption spectra of 1:1 blend samples of 8H2Pc:PC61BM annealed 

at different temperatures.  

Note that the change in grain size for annealing at 90°C and 140°C was significantly different. 

To clarify the reason behind this difference, the DSC of the 8H2Pc:PC61BM blend material was 

measured as shown in Fig. 4.21 (a). The result showed that the melting point of the blend 

material was reduced to 137°C from 149°C of the neat 8H2Pc material. As a result, the 

temperature range of the LC mesophase was reduced and the annealing temperature of 140°C 

was found to be in the isotropic phase. From these observations, it could be concluded that 

thermal annealing at isotropic phase temperature creates large area grains in the order of 10s 

of μm for both short and long duration annealing. On the other hand, thermal annealing at LC 

temperature creates much smaller grains whose size can be controlled by modulating the 

annealing duration and cooling rate. 

 

Fig. 4.21. (a) DSC thermogram of the 8H2Pc:PC61BM blend material with ratio of 1:1 w/w and 

(b) comparison of the phase transition temperatures of neat 8H2Pc and 8H2Pc:PC61BM 

materials. 
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4.6  Summary of Chapter 4 

In this chapter, the optical and electrical characteristics of 8H2Pc:PC61BM based NIR OPDs 

were discussed with respect to their bulk heterojunction condition. The champion device was 

found at the blend ratio of 1:1 w/w in the inverted architecture and it showed EQE of 60%, R 

of 0.4 A/W, and D*
sh of 3 × 1012 Jones at the NIR wavelength of 760 nm. The performance of 

these OPDs were superior to that of 8OH2Pc:PC61BM ones which was attributed to the increase 

in hole mobility, smooth surface morphology, better intermixing condition of the blend 

materials, and creation of small grains whose size was in the order of tens of nm in the bulk 

heterojunction active layer. The weak intermolecular interaction and self-organizing nature of 

the liquid crystalline 8H2Pc material was accredited for achieving these beneficial effects. As 

a result of the good intermixed bulk heterojunction condition, large DA interface area and small 

grains were possible at the blend ratio of 1:1 w/w in 8H2Pc:PC61BM contrast to 1:4 w/w in 

8OH2Pc:PC61BM. Furthermore, it was observed that by annealing the spin-coated thin films of 

neat 8H2Pc and 8H2Pc:PC61BM bulk heterojunction at liquid crystalline temperature with a 

sacrificial polymer layer, the orientation of the 8H2Pc molecules could be changed from edge-

on to face-on orientation. After this change in molecular orientation, the performance of 

photodetectors improved but no significant change was observed in the dielectric constant of 

the 8H2Pc material. Thus, this improvement was attributed to the better charge carrier transport 

in the vertical direction. The thermal annealing effect was investigated in both neat and bulk 

heterojunction thin films and the improved photodetector performance of the neat 8H2Pc based 

devices suggesting the advantage of using liquid crystalline materials in photodetector 

applications. Finally, by annealing the bulk heterojunction sample at LC phase and isotropic 

phase temperatures, it was found that annealing at LC phase temperature offered more control 

over the phase separation and change in grain size. 
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Chapter 5 

Photodetectors for Biomedical Application  

 

5.1  Introduction to Photoplethysmography 

Photoplethysmography, commonly abbreviated as PPG, is a method to measure the volumetric 

variations of blood circulation using NIR light to derive different health parameters. it is an 

uncomplicated and inexpensive optical measurement method that is often used for the purpose 

of monitoring heartbeat rate [89]. The technique utilizes the fact that the arterial blood of the 

human body changes in proportion to the pumping action of the heart. As NIR light is absorbed 

by the arterial blood, the change in its volume will also affect the portion of the incident light 

being absorbed, reflected, and transmitted. Thus, a NIR photodetector can detect this change 

in reflection or transmission of light and its output can be used to acquire information regarding 

different heart activities and conditions. With high resolution data and signal processing, it is 

possible to extract valuable information about the cardiovascular system and different diseases 

or health risks [90]. Depending on the principle of collecting this PPG data, PPG sensors can 

be divided into two types: reflection type and transmission type.   

 

Fig. 5.1. Schematic illustration of (a) reflection type and (b) transmission type PPG sensor. 

A reflection type PPG sensor is shown in Fig. 5.1 (a) where the NIR LED and the NIR OPD 

are arranged on the same side of the tissue, in this case, the index finger. The LED transmits 

NIR light which is reflected by the blood vessels in the finger and the change is detected by the 

NIR OPD. On the other hand, a transmission type PPG sensor is shown in Fig. 5.1 (b) where 

the LED and OPD are arranged on opposite sides of the index finger. In this case, the NIR light 

transmitted by the LED passes through the blood vessels in the index finger and the transmitted 

light is detected by the OPD. Comparative study on the accuracy of signal and comfort of use 

of these two types of PPG sensors reported that the reflection type PPG sensor was more 
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comfortable to use for long periods of time while also showing better results if it could be 

positioned directly on the vein [91]. If the sensor was positioned outside the vein, the observed 

signal contained much noise and had lower amplitude. To circumvent this issue, it was 

mentioned that expensive commercial fitness bracelets use more than one LED sources 

arranged around a large-area photodetector. It was also reported that the accuracy of signal of 

the transmission type PPG sensor depends on the thickness of the tissue. For this reason, the 

signals obtained through the little finger and ear lobe were considered to be very good. 

However, the PPG sensor positioned on the ear lobe was the least comfortable to use as the 

subject could not move their head while the measurement was being performed. 

Due to this dependence on tissue thickness, transmission type PPG sensors often make use of 

tissue compression mechanisms such as a finger clip. Such tissue compression allows the 

incident light to penetrate deeper into the tissue and allows the OPD to pick up stronger 

transmission signals. While NIR light is well-known for its ability to penetrating deep into the 

soft tissues, visible light cannot reach such depths due to its stronger absorption coefficient in 

biological tissues [92]. However, by using the tissue compression technique, green light can 

also be used to probe the blood volume changes in dermal arterioles and effectively monitor 

the PPG signal [93]. Thus, depending on the placement and operation mode of the PPG 

measurement device, different sources of light can be utilized. 

Although the primary use of the PPG technology is in clinical and medical diagnosis field, it 

has gained popularity as an alternative heart rate monitoring technique for consumer 

applications. This increase was driven mainly by the simplicity of the operation of the 

equipment, the wearing comfortability for the consumers or users, and the cost effectiveness 

[94]. A popular example is the Apple Watch which contains a compact PPG system and can 

track the heartbeat rate of the user from the change in blood volume in the wrist [95]. As such 

consumer products become more affordable and the health consciousness of people increase, 

the demand and utility of PPG and other health monitoring methods can be expected to continue 

to grow. In this chapter, the air stability and reliability, response speed, linearity, and flexibility 

of 8H2Pc:PC61BM NIR OPDs were investigated in order to use these devices for biomedical 

application. 

  



60 

 

5.2  Air Stability and Reliability 

One of the main challenges of organic devices is its poor stability when exposed to ambient air 

and humidity. Nonetheless, in practical applications, a device must exhibit stable and reliable 

performance for a reasonable period of time or until its utility is no longer necessary. Thus, it 

is paramount that the air stability of any device is evaluated and if instability is observed, proper 

measures are taken to confirm stable performance. 

5.2.1 Conventional Photodiode 

In order to investigate the mechanism of performance degradation and prevention methods, 

conventional photodiodes were prepared and evaluated each day after fabrication. The samples 

were at first measured within one hour of their fabrication, shown as “Fab day” in the following 

figures. After this measurement, the samples were placed inside a small desiccator and the 

inside of the desiccator was kept at a vacuum of -20 kPa. The samples were then taken out of 

the desiccator each time for measurement and then placed back inside the desiccator until the 

next measurement. These measurement data were collected over a span of 5 days, and they are 

shown as Fab day to Fab day+4 in Fig. 5.2. 

 

Fig. 5.2. (a) Schematic illustration of the device, and current-voltage characteristics of the 

device under (b) dark and (c) illuminated condition over a 5-day period. 

The photodetectors showed low Jdark and high Jphoto in the reverse bias condition on Fab day. 

However, within 24 hours, the Jphoto deceased significantly and after 48 hours, nearly no Jphoto 

could be observed at low reverse bias condition. This suggested that the photo carrier 

generation and/or the carrier transport was significantly reduced during this period. This 

reduction could happen due to the formation of shallow traps and defects in the active layer as 

it aged in ambient air [96]. Considering the LUMO of water to be approximately -4 eV, it is 

similar to that of PC61BM and so water can potentially act as an extra acceptor material and 

capture electrons inside the active layer. However, without the necessary percolation path, 
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these captured electrons cannot be transported and collected by the electrodes. As a result, the 

water molecules create shallow traps and reduce the carrier transport and photo current output 

in aged devices. Next, the decline in the forward bias current under dark condition was 

attributed to the oxidation of the Al electrode by the oxygen and water molecules coming in 

contact with the metallic electrode. This degradation of the electrodes could be easily observed 

as the surface of the Al electrode changed significantly with aging as shown in Fig. 5.3. 

 

Fig. 5.3. Change in the Al electrode due to exposure to atmosphere. 

5.2.2 Conventional Photodiode with Encapsulation 

The previous results suggested that if the metallic electrodes and the organic layer can be well 

insulated from the atmospheric oxygen and water molecules, the performance of the 

photodetectors could be stabilized. This effect could be achieved by utilizing a barrier layer of 

polymer or resin to isolate the active layer from the surroundings. 

With that objective in mind, the conventional photodiodes were encapsulated with a glass cover 

surrounded by epoxy glue (コニシボンド クイック５ エポキシ樹脂系接着剤) by the 

method described in Chapter 2.2.5. The devices were evaluated in the same fashion as above 

and the results are shown in the following figure.  
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Fig. 5.4. (a) EQE, (b) R, (c) D*
sh spectra and (d) change in R with respect to time of the 

encapsulated devices over a 23-day period. 

As shown in Fig. 5.4 (a) and (b), the EQE and R values of the encapsulated devices stabilized 

approximately at 40% and 0.25 A/W respectively after the Fab day. The slight decline in EQE 

and R may have resulted from the air trapped inside encapsulated device and thus, from the 

second day onwards, these parameters did not show any significant degradation even after 22 

days of fabrication. Compared to the Fab day to the 23rd day, the devices showed only 7% 

decrease in the value of R. On the other hand, D*
sh value did not show any degradation at all, 

rather slightly improved in the encapsulated device suggesting that Jdark decreased but Jphoto 

remained constant over this experimentation period. These results indicated that the glass cover 

and the epoxy glue worked as a good barrier layer against the atmospheric oxygen and water 

molecules and kept the active layer in pristine condition over a period of at least 23 days. For 

speculating the long-term stability of these devices, the gradual change in R was plotted with 

respect to the mins after fabrication as shown in Fig. 5.4 (d). The result is comparable to 

contemporary investigation on organic device stability and shows promise for accurate 

operation for more than 4 months [96]. It was concluded that by properly isolating the OPDs 

from atmosphere, the devices could be taken out of the controlled environment of research 

laboratory without risking the stability and reliability of their performance. 
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5.2.3 Inverted Photodiode 

To counteract these effects of degradation the inverted photodiode structure was also thought 

to be a viable solution. In this case, the top electrode is Au which is a much more air stable 

metal compared to Al and thus, it might improve the air stability of the device by offering better 

protection from the atmosphere. To validate this assumption, inverted photodiodes were 

fabricated, and the devices was tested in a similar manner as described before for a period of 

40 days after fabrication. The measurement data were collected over a span of 40 days, and 

they are shown as Fab day to Fab day+39 in Fig. 5.5. 

 

Figure 5.5. (a) Schematic illustration of the device, and current-voltage characteristics of the 

device under (b) dark and (c) illuminated condition over a 40-day period. 

From the current-voltage characteristics, it could be clearly concluded that the inverted 

photodiodes showed much more stable performance compared to the conventional ones. 

Although the Jdark in reverse bias condition increased, and the Jphoto in reverse bias decreased 

approximately 1 order of magnitude, it occurred within the span of 40 days. Even after the 

measurement period of 40 days, the photodetectors continued to operate which the 

conventional photodetectors without encapsulation were unable to do.  

From these experiments, it was concluded that the performance of OPDs can be stabilized by 

keeping the metallic electrode and the organic layer away from atmospheric oxygen and water 

molecules. Fabricating OPDs in the inverted architecture was one of the viable solutions, but 

encapsulating the devices with a barrier layer was found as the best possible solution. 

5.3  Necessary Figures of Merit 

There are several figures of merit that are essential in order to make sure that the devices 

prepared inside the controlled environment of laboratories can indeed be used in practical 

applications. In this study, the final objective was to monitor the PPG signal of a human subject 
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in ambient conditions, and in this case, practical photodetectors require fast transient response 

to ensure high rate of data collection. Fig. 5.6 (a) shows the transient photo response of the 

inverted OPDs as observed through the oscilloscope across a 10 kΩ resistor. The waveforms 

show that the OPDs were able to follow the input waveform up to 40 kHz, but the -3 dB point 

was found at approximately 3 kHz as shown in Fig. 5.6 (b). In this study, the capacitance of 

samples with an area of 1 mm2 was approximately 44.3 pF. Considering the standard BNC 

cables with capacitance of 0.2 nF/m, the RC delay of the measurement system was less than 2 

µsec. With this RC delay of the system, it could be concluded that the limiting factor of 

response speed was not the external capacitance of the system, rather the internal charge 

transport mechanism. A rough calculation showed that with this response speed, these PDs can 

capture 110 ppi video at a maximum of 30 fps. However, the objective biological signal of PPG 

has a range of 0.2 Hz to 2 Hz, thus the response speed of the OPDs was more than sufficient 

[97]. 

 

Figure 5.6. (a) Waveforms of the transient photo response, (b) cutoff frequency, and (c) LDR 

of the OPDs. The active area of the diode was 1 mm2, and the diode was biased with -1 V. 

In addition to sufficient response speed, the OPDs also showed very good LDR. As shown in 

Fig. 5.6 (c), the OPDs could detect the NIR irradiation from 80 nW/cm2 to 36.9 µW/cm2 and 

throughout the entire range, the output current followed a linear pattern with respect to the 

incident light intensity. Using a straight line of slope 1, the LDR was found to be at least 53.3 

dB. This is a very typical value for organic OPDs, there are several reported OPDs with higher 

LDR [51, 15]. The limiting factor for this measurement is that the output of the xenon lamp 

cannot be increased beyond 36.9 µW/cm2 for 740 nm. Therefore, the true LDR of these OPDs 

is expected to be much higher. As a result, the air stability, and figures of merit of cutoff 
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frequency and LDR were within the necessary limit and the showed promise for the detection 

and monitoring of PPG spectrum. 

 

5.4  Real Time Monitoring of PPG 

After confirming the limit of the figures of merit and air stability of the devices, the practical 

usability of the OPD fabricated with the 1:1 sample was checked by measuring the PPG signal 

of a human subject in ambient conditions. The experimental setup for this measurement is 

schematically shown in Fig. 5.7 (a) where NIR light of 740 nm wavelength of 33 mW/cm2 was 

emitted from an LED and the index finger of the volunteer was placed on top of the glass 

substrate of the OPD [98]. A fraction of the incident light was reflected at the blood vessels, 

another fraction was absorbed by the blood, and the remaining fraction was transmitted through 

the finger to the active layer of the OPD. As the arterial volume of the volunteer’s blood 

changed with every heartbeat, the intensity of the reflected, absorbed, and transmitted NIR light 

also changed accordingly. Thus, if the NIR OPD positioned below the finger detected this 

intensity change of the transmitted light, the heartbeat of the volunteer could be observed, and 

the PPG signal could be monitored in real time.  

 

Fig. 5.7. (a) Schematic illustration of the monitoring system and (b) photoplethysmogram 

spectra of the subject before and after applying the moving average filter [98]. 

 

Figure 5.7 (b) shows the output of the OPD which demonstrates the successful monitoring of 

the PPG spectrum in real time. The unfiltered PPG spectrum contains environmental noise as 

the measurement setup was not completely isolated from electrical, optical, and acoustic 

interference. However, by applying a very simple moving average filter, the systolic and 

diastolic peaks of the heartbeat could be detected, and an average heartrate of 66 bpm could be 

extracted. This observation coincides with the contemporary measurement reports with organic 

and inorganic photodetectors [86, 99]. By utilizing a measurement system with better optical 
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and electrical insulation from the surroundings, higher quality PPG signal can be obtained. In 

that case, the morphology of the PPG spectrum can be analyzed more effectively and valuable 

information about the subject’s health and risk of cardiovascular diseases may be derived [100]. 

As this PPG measurement strategy uses NIR light, it has the potential to be used in both 

transmission and reflection mode making it a versatile option in biomedical applications. 

5.5  Flexible and Wearable Device 

One of the advantages of using organic semiconductors for device fabrication is the feasibility 

of preparing flexible devices. As flexible devices can be worn on body parts of human patients, 

it is both physically comfortable and technologically beneficial for gathering high resolution 

data. Thus, the devices in this study were also implemented on flexible PET substrates to be 

worn on the finger of human subjects. The target strain condition for the flexible devices were 

chosen to be at bending radius of 7.5 mm, which is similar to the radius of an average human 

index finger.  

 

Fig. 5.8. (a) Flexible and wearable devices after fabrication, (b) fixed on a flat glass substrate 

and (c) fixed on a glass bottle with a bending radius of 7.5 mm. 

The flexible devices were prepared with an inverted architecture with semitransparent Ag 

electrodes of 20 nm thickness. The Ag electrode showed nearly 50% transparency in the visible 

region as shown in Fig. 5.9.  The transparency gradually decreased as the wavelength increased 

and was measured to be 27% at NIR wavelength of 740 nm.  

 

Fig. 5.9. (a) Semitransparent Ag electrode deposited on glass substrate and (b) transmittance 

spectra of the Ag electrode from visible to NIR wavelength. 
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In order to compare the performance of the flexible and wearable devices with rigid devices, 

photodetectors on top of glass substrates were prepared alongside the flexible devices. The 

current-voltage characteristics of all the devices are shown in the following figure. 

 

Fig. 5.10. Current-voltage characteristics (a) rigid and flexible devices with no strain, (b) 

flexible device with no strain and flexible device with a bending radius of 7.5 mm. The photo 

current was measured in ambient air with NIR light of 740 nm at 3.4 mW/cm2. 

As shown in Fig. 5.10, the dark current of the flexible device is approximately 1 order higher 

compared to that of the glass device. This may have originated because of the relatively rougher 

surface of the plastic substrate. If the surface of the substrate is rough, it may cause defects and 

pinholes in the solution processed active layer and cause an increase in the dark current. These 

defects might have also influenced the photo current output of the flexible device as it was 

lower in between the reverse bias voltage of 0 V to -5 V. The relatively low transparency of 

the 20 nm Ag electrode in the NIR region was also one of the reasons behind the low photo 

current output. In addition, the surface reflectance of the flexible device was also quite high as 

can be seen in the Fig. 5.8 (c). Due to this high surface reflectance, much of the incident light 

could not reach the active layer which resulted in the decreased photo current output. Due to 

these change in dark current and photo current, the rigid glass device showed better 

performance with EQE of 12% and D*
sh of 2.8 × 1011 Jones at 740 nm at -5 V reverse bias. The 

values of these figures of merit for the flexible device were 9% and 1.1 × 1011 Jones, 

respectively. These measurements were carried out when the flexible was placed flat on a glass 

substrate without any strain. Measurements were also carried out when the flexible device was 

bent with a radius of 7.5 mm as shown in Fig. 5.8 (c). In this case, the device under strain did 

not show significant deviation from that of the flat device indicating very good mechanical 

flexibility of the devices. The overall comparison of all the devices is given in Table V. 
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Table V. Summary of figures of merit of photodetectors prepared on glass and flexible 

substrates. All the measurements are at 740 nm with -5 V reverse bias. 

Sample name Jphoto/Jdark
  R (mA/W)  EQE (%) D*

sh (Jones)  

Rigid device 1.2 × 103 68.6 12% 2.8 × 1011 

Flexible device (No strain) 2.6 × 102 53.1 9% 1.1 × 1011 

Flexible device (Rbending = 7.5 mm) 1.3 × 102 28.5 5% 5.7 × 1010 

5.6  Summary of Chapter 5 

In this chapter, the performance of the champion OPD was analyzed on the basis of figures of 

merit and air stability to check if it is sufficient for the use in biomedical applications. The 

figures of cutoff frequency and linear dynamic range were found to be adequate, but the air 

stability of the conventional OPD was found to be very poor. This poor stability was attributed 

to the effect of atmospheric oxygen and water and two different strategies were proposed to 

increase the stability and reliability of the devices. By using inverted architecture with a counter 

electrode of stable metal i.e., Au, the stability was improved significantly and by encapsulating 

the device with epoxy glue and glass, even better results were obtained. The encapsulation 

method proved to be very effective as the OPD exhibited stable and reliable performance for 

more than a three-week period. After confirming the good performance and stability, the 

photoplethysmogram signal of a human subject was monitored in real time by using the 

champion device realized in this study. Although the monitoring system was relatively simple, 

the heartbeat rate of the subject could be extracted, and the systolic and diastolic peaks of the 

heartbeats were clearly detected after filtering the observed data with a moving average filter. 

The clarity of the observed spectrum underlined the practical utility of the NIR OPD of this 

study in biomedical applications. The realized PPG measurement strategy uses NIR light which 

can be used in both transmission and reflection mode of operation and makes this photodetector 

a versatile option in biomedical applications. As a final demonstration of mechanical flexibility 

of organic semiconductor-based devices, the OPD was implemented on plastic substrate of 25 

µm thickness. The flexible devices showed 9% and 5% EQE under no strain and at bending 

radius of 7.5 mm, respectively.  
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Chapter 6 

Conclusion and Outlook 

 

6.1  Summary 

In conclusion, solution processed near-infrared organic photodetectors with a liquid crystalline 

phthalocyanine derivative (8H2Pc) with maximum external quantum efficiency of 60%, 

responsivity of 0.4 A/W, and shot-noise-limited specific detectivity of 3  1012 Jones at 760 

nm were realized in this study. The performance of these bulk heterojunction organic 

photodetectors was superior to the ones prepared with soluble phthalocyanine derivative 

without any liquid crystalline phase (8OH2Pc) suggesting the advantage of using liquid 

crystalline materials in photodetector applications. The better performance was attributed to 

the well intermixing of the donor and acceptor materials in the bulk heterojunction, creation of 

grains of tens of nm, and smooth surface morphology of the solution processed active layer. It 

was suggested that these advantageous bulk heterojunction conditions were achievable due to 

the weak intermolecular interaction and self-organizing nature of the liquid crystalline material. 

Careful interface engineering of diode electrodes proved to be very effective in lowering dark 

current levels and increasing reproducibility. One of the principal challenges of organic devices, 

poor air stability, was addressed and two different approaches to resolve the issue were 

demonstrated: inverted architecture photodiodes with a stable metal counter electrode and 

encapsulation of the device with epoxy glue and glass substrate. While the inverted 

photodiodes showed slower degradation of performance compared to conventional ones, epoxy 

glue and glass encapsulated photodiodes showed excellent stability and reliability with only 

7% degradation in responsivity after 22 days of fabrication. 

By thermal annealing at the liquid crystalline temperature of 8H2Pc, it was demonstrated that 

the molecules could be redirected from the edge-on orientation to the face-on orientation even 

after the deposition of the thin film. This reorientation of molecular direction significantly 

improved the device performance and photo current output of the photodetectors with neat 

8H2Pc active layer. The effect of thermal annealing at liquid crystalline and isotropic phases 

was also explored for the bulk heterojunction active layers and phase separation and change in 

grain size and purity of the donor and acceptor materials were observed. Annealing at isotropic 

temperature resulted in the face-on orientation of the disc-like molecules of 8H2Pc but created 
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large area grains in the order of tens of μm. On the other hand, annealing at liquid crystalline 

temperature achieved the effect of face-on orientation without creating such large grains. These 

changes could also be controlled by varying the duration of thermal annealing and the cooling 

rate of the samples from liquid crystalline phase to crystalline phase temperature.  Furthermore, 

taking advantage of the solution process of active layer fabrication, flexible and wearable 

organic photodetectors were prepared on plastic substrates of 25 µm thickness. The flexible 

devices exhibited external quantum efficiency of 9% and 5% at 740 nm under no strain and at 

bending radius of 7.5 mm, respectively, indicating good mechanical flexibility and durability. 

Finally, the practical utility of the near-infrared photodetectors was demonstrated by measuring 

the photoplethysmogram signal of a human subject in ambient conditions. By irradiating near-

infrared light of 740 nm on the index finger of the subject, the systolic and diastolic peaks of 

the heartbeat could be detected in the filtered spectrum and an average heartrate of 66 bpm 

could be extracted. The accuracy of these results shows the prospect of these devices for 

utilization in hospitals and clinics in practical applications for the benefit of patients and elderly 

generation. As near-infrared light can penetrate deeper into biological tissue compared to 

visible light, the photodiodes could monitor the vital signals accurately in transmission mode 

of operation. This feature of using near-infrared light is advantageous because it can also be 

used in the reflection mode of operation which makes these photodetectors versatile in practical 

application. Furthermore, the flexible devices realized in this study may also be used in 

commercial products such as smartwatches or portable health monitors which will allow the 

users to have more freedom and comfort while monitoring their activities or vital signals. 

6.2  General Conclusion 

According to the results of this study, the following can be concluded: 

▪ Bulk heterojunction condition differs significantly depending on the blend ratio of 

difference organic materials. By exploring the blend ratios, it is possible to vary the 

purity and size of the material grains, phase separation and intermixing condition, and 

surface morphology of the solution processed thin films. 

▪ Liquid crystalline phthalocyanine derivative (8H2Pc) based photodetectors showed 

better performance compared to the crystalline phthalocyanine derivative (8OH2Pc) 

due to the well intermixing of the donor and acceptor materials in the bulk 

heterojunction, creation of grains of tens of nm, and smooth surface morphology of the 
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solution processed active layer. It was suggested that these advantageous bulk 

heterojunction conditions were achievable due to the soft and self-organized state of 

matter and weak intermolecular interaction of the liquid crystalline material. 

▪ Thermal annealing at liquid crystalline temperature allows reorientation of columnar 

molecules from edge-on to face-on orientation even after deposition of the thin film. 

This effect can improve the performance of photodiodes due to the better charge carrier 

transport in the vertically aligned columnar direction. In a blend of liquid crystalline 

8H2Pc and amorphous PC61BM, it was found that the melting point of the blend material 

is reduced compared to the neat materials. Depending on the temperature of thermal 

annealing, phase separation and change in grain size can be significantly different. 

While thermal annealing at isotropic phase temperature causes fast phase separation 

and creates large area grains, annealing at liquid crystalline temperature offers better 

control by causing relatively slower phase separation and smaller change in grain size. 

▪ The reason behind failure of organic photodetectors is the exposure to atmospheric 

oxygen and water molecules which result in defects and shallow traps in the active layer 

and damage the top electrode due to oxidation. The shallow traps capture the photo 

generated carriers and reduce the current output of the photodetector. The work function 

of the damaged electrode changes and causes further degradation of performance. 

Inverted architecture of photodiodes and encapsulation of the device using a barrier 

layer to isolate the device from atmosphere are two effective ways to improve the air 

stability of organic photodetectors.  

6.3  Future Outlook 

In this study, near-infrared organic photodetectors based on a liquid crystalline phthalocyanine 

derivative were realized and their practical utility was demonstrated by monitoring the vital 

signal of a human subject. However, there are several issues that require further investigation 

for the clarification of underlying factors. 

▪ According to the results of this study, performance of bulk heterojunction 

photodetectors improved significantly when the grain sizes approached tens of nm. 

However, the diffusion length of excitons could not be directly confirmed in the bulk 

heterojunction systems. It would be worthwhile to confirm the exciton diffusion length 
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by the photoluminescence quenching method in the bulk heterojunction devices and 

correlate with the grain size. 

▪ Although the flexible devices prepared in this study were operational, their performance 

was significantly poorer compared to the champion devices prepared on glass substrates. 

The underlying reasons were identified as high surface roughness of the plastic 

substrate, low transparency of the top electrode, and high surface reflectance of the 

device. By utilizing a planarization layer on top of the plastic substrate to reduce the 

surface roughness, using electrodes with better transparency, and polymer coating the 

device to reduce the reflectance, the performance of the flexible photodetectors may be 

improved in future experimentations. 

▪ In this study, the solution processed thin films were deposited at room temperature and 

the effects of thermal annealing at liquid crystalline temperature were explored. 

However, the optimum duration and temperature of thermal annealing could not be 

determined with the amount of data gathered. As the thermal annealing process has 

been proven to improve the photodetector performance, optimization of the annealing 

process is a valuable research topic. Furthermore, deposition of the thin film at liquid 

crystalline temperature could not be explored within the framework of this study, which 

can also be investigated in the future. 

▪ In this study, the objective value of EQE > 50% could be achieved with the LC 8H2Pc 

based OPDs, however the values of R > 0.5 A/W and D*
sh > 1013 Jones could not be 

achieved with the current device configuration. By optimizing the thickness of the 

active layer and using more effective hole and electron blocking and transport layers, 

the performance of the devices may be improved further in future studies. 
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