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Abstract 

Filter-free spectral tunable photodetectors (PDs) are critical for a plethora of applications in 

imaging, indoor light fidelity (Li-Fi), and light communications. The present band-selective light 

detection is realized by incorporating different optical filters with broadband inorganic 

semiconductor-based PDs. However, the use of the optical filters reduces the overall performance 

of these PDs and is not appliable in the emerging flexible and wearable applications. 

The rapid advancement of the organic semiconductors offers an exciting opportunity for the 

development of high-performance filter-free spectral tunable organic photodetectors (OPDs). The 

development of OPDs has attracted tremendous interests because of the tailored optoelectronic 

properties of the π-conjugated organic semiconductors and the solution fabrication process of the 

OPDs. Apart from the rapid progresses made in improving the responsivity and detectivity of 

OPDs, the spectral properties of OPDs also receive intense attention.  

This Ph.D. research work has been focused on developing a universal strategy to achieve 

high-performance filter-free band-selective and spectral tunable OPDs. The correlation between 

the optical profile and responsivity spectrum of the novel OPDs with a bilayer photoactive layer 

has been investigated. It suggests that the responsivity spectrum of the OPDs can be effectively 

modulated by managing the optical profile in the bilayer and multilayer photoactive layer. 

A filter-free band-selective OPD model, comprising a bilayer shorter-wavelength light 

depletion layer/longer-wavelength light-absorbing layer architecture photoactive layer, has been 

developed. The depletion layer in the filter-free OPDs has a dual-function serving as a shorter-

wavelength light-absorbing layer and a hole-transporting layer. The photodetection spectrum 

window of the filter-free band-selective OPDs, defined by the difference in wavelengths between 
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the transmission cutoff of the shorter-wavelength light depletion layer and the absorption edge of 

the longer-wavelength light-absorbing layer, can then be tuned over the different wavelength 

ranges by using an appropriate combination of the shorter-wavelength light depletion layer and the 

longer-wavelength light-absorbing layer. 

A dual-mode OPD, having a trilayer visible light absorber/optical spacer/near-infrared (NIR) 

light absorber configuration photoactive layer, has been proposed. The dual-mode OPD exhibits 

electrically switchable NIR response operated under a reverse bias and visible light response 

operated under a forward bias. In the presence of NIR light, the trap-assisted charge-injection 

behavior at the organic/cathode interface in the OPDs operated under a reverse bias. The 

photocurrent is produced in the visible light-absorbing layer, enabled by the trap-assisted charge 

injection at the anode/organic interface under a forward bias. 

The developed filter-free band-selective OPDs and electrically switchable dual-mode OPDs 

provided an attractive alternative optical detection technology to the conventional panchromatic 

and single-mode OPDs. The spectral tunable photodetection thus demonstrated offers a promising 

option for new OPD applications. 
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absorbing layer, 320 nm thick pristine P3HT optical spacer layer and 500 nm thick ternary 

blend P3HT:PTB7-Th:PC70BM (70:30:1) NIR light-absorbing layer in the dual-mode OPD. 

(c) Optical field distribution, (d) profile of the photo-generated charge carriers calculated for 

the dual-mode OPD at two different wavelengths of 460 and 770 nm. 
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Figure 5.3 Schematic diagrams illustrating the working principles of the dual-mode OPD operated 

under a reverse bias (in the NIR light detection mode): (a) producing a photocurrent in the 

presence of the NIR light as a result of the efficient tunneling hole injection, enabled by the 

accumulation of the trapped photogenerated electrons at the P3HT:PTB7-Th:PC70BM 

(70:30:1)/Al interface, (b) without generating photocurrent in the presence of the visible light 

due to the absence of the hole injection at the P3HT:PTB7-Th:PC70BM (70:30:1)/Al interface. 

The OPD operated under a forward bias (in the visible light detection mode): (c) without 

generating photocurrent due to a large hole injection barrier at the anode/P3HT:PC70BM 

(100:1) interface in the presence of NIR light, and (d) generating a photocurrent due to the 

enhanced tunneling hole injection, enabled by the accumulation of the photogenerated 

electrons at the anode/P3HT:PC70BM (100:1) interface in the presence of the visible light.  

Figure 5.4 I−V characteristics measured for the dual-mode OPD in the presence of (a) NIR light 

(770 nm) and (b) visible light (460 nm) sources. (c) Responsivity spectra measured for the 

dual-mode OPD in the NIR light detection mode, operated under two different reverse biases 

of -35 and -40 V, and in the visible light detection mode, operated under two different forward 

biases of 12 and 15 V. (d) I−V characteristics measured for the OPD in the absence of light, 

averaged from > seven measurements. (e) Impedance spectrum of the OPD revealing a shunt 

resistant of 23.4 M, measured at 10 V. (f) D* of the dual-mode OPD operating in the NIR 

and visible light detection modes.  

Figure 5.5 LDR characteristics measured for the dual-mode OPD operated in the presence of (a) 

NIR light (770 nm) and (b) visible light (460 nm) sources at the different reverse and forward 

biases.  
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Figure 5.6 Time-dependent photo-responses measured for a dual-mode OPD under in the presence 

of the NIR light (770 nm) and visible light (460 nm) sources operated under (a) reverse bias 

of -35V, and (b) forward bias of 15 V.  

Figure 5.7 Transient photo-responses measured for the dual-mode OPD in the presence of (a) 

visible light (460 nm) and (b) NIR light (770 nm) sources. (c) The density of the 

photogenerated charge carriers as a function of the delay time in the photo-CELIV transients, 

measured for the two discrete ITO/PFN-Br/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm)/Al 

and ITO/PFN-Br/P3HT:PC70BM (100:1) (300 nm)/Al OPDs. 

 

Tables: 

Table 1. Summarized photodetection characteristics of different electrically switchable spectral 

tunable PM-type OPDs operated under reverse and forward biases. 

Table 2. Summarized photodetection characteristics. The maximum EQE and detectivity 

measured for the dual-mode OPD using a short wavelength (376 nm) and a long wavelength 

(654 nm) light sources, operated under different forward and reverse biases. 
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Chapter 1: Introduction 

1.1 Organic Photodetectors 

Photodetectors (PDs) that convert light into electrical signals are the basic components for 

ubiquitous applications in light communication, optical detection, digital cameras, night-vision, 

and environmental monitoring, etc. The present PD market is still dominated by the inorganic PDs 

that use inorganic crystalline semiconductor as the photoactive materials. The fabrication of the 

inorganic semiconductor-based PDs requires vacuum processes at high temperatures. The 

semiconductor wafers are rigid and fragile and have limitations for applications in the emerging 

wearable, flexible, transparent, and large area photodetection.1–3 The recent progress made in the 

development of low process-temperature, solution-processable photoactive semiconductors, such 

as organic semiconductors, hybrid perovskite, graphene, two-dimensional semiconductors, offer a 

great opportunity for the advancement of next-generation PDs.4–6 

The development of organic semiconductors, including polymers and small molecules, 

provides new semiconductor choices for the fabrication of electronic and optoelectronic devices, 

such as organic light-emitting diodes (OLEDs), organic solar cells (OSCs),7,8 organic field-effect 

transistors (OFETs),9,10 and organic photodetectors (OPDs). The well-developed OLEDs have 

been adopted for applications in flat panel displays, e.g., televisions, mobile phones, and the 

electronic watches. We have witnessed the remarkable progress in the advancement of the OSCs, 

achieving the power conversion efficiency (PCE) of over 10% for fullerene-based OSCs and a 

PCE approaching 18% for non-fullerene OSCs.11,12 The OPDs have also attracted broad research 

attention during the past decades, benefiting from the fast development of a variety of novel 

organic semiconductors.13 The low free-carrier concentration in organic semiconductors leads to 
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a low dark noise level and the adoption of bulk-heterojunction (BHJ) structure in the photoactive 

layer enables a high photon-to-electron conversion efficiency towards unity quantum efficiency in 

the conventional OPDs. The facile tailored optoelectronic properties of organic semiconductors 

promote OPDs to achieve high-performance photodetection covering the ultraviolet (UV),14–16 

visible,17–21 near-infrared (NIR),22–24 and short-wave infrared (SWIR) spectral ranges.25–29 The 

high responsivity and light detectivity of the OPDs are comparable to that of the conventional 

inorganic semiconductor-based PDs.30 For instance, a high detectivity of > 1011 Jones has been 

realized in all-polymer-based OPDs.31,32 

The organic photoactive layers are a promising candidate for fabricating high-performance 

OPDs. The use of the π-conjugated organic semiconductors has the advantages of 

(1). Tunable electronic energy levels  

The electronic energy levels of the organic semiconductors can be adjusted accordingly 

through appropriate molecular design, allowing tuning the bandgap over the energy range 

corresponding to light absorption in UV to SWIR range. The facile energy levels tuning 

enables various material combinations with suitable charge generation and transport 

properties for high-performance OPDs with photodetection in different spectral ranges. 

(2). The high optical absorption coefficient 

The organic semiconductors with a high light absorption coefficient of > 105 cm-1 allows 

achieving almost full light absorption in a few hundred-nanometer thick organic 

semiconductor thin film. A thin layer thickness ensures high charge collection efficiency in 

the OPD and less optical loss compared to that in the inorganic PDs having a few micrometer 

thick photoactive layers.17,33 
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(3). Solution fabrication processes 

The organic semiconductors can be dissolved in different organic solvents, allowing flexible 

and large-area functional devices that can be prepared using solution fabrication processes, 

e.g., ink-jet printing, spray coating, and roll-to-roll printing. The fabrication of OPDs 

consumes less energy to that of the traditional PDs, and it is more environmental-friendly. 

The emergence of organic semiconductors, offering alternative functional materials to PDs, 

has brought the field of photodetection with a new set of possibilities.21,34 Substantial efforts have 

been made to improving the OPD performance, e.g., attaining higher responsivity, larger signal-

to-noise ratio, faster response speed, and broader operation dynamic range.35 The rapidly 

developing photodetection applications such as machine vision, self-driving cars, and multi-output 

light communication are stimulating ever-increasing demands for PDs not only in terms of 

responsivity but also for their spectral properties. However, most of the present OPDs have 

broadband photoresponse because they rely primarily on the absorption properties of the 

photoactive semiconductors, e.g., their energy bandgap, converting the incident photons of 

different energies into electrical signals. The broadband OPDs require optical filters to realize 

optical band selectivity in the photodetection and imaging applications, increasing the complexity 

of the device architecture and manufacturing cost. The use of optical filters is one of the major 

limitations for achieving high pixel densities in imaging systems. Thus, filter-free band-selective 

OPDs are highly desired. 

The optoelectronic properties of the organic semiconductors can be tailored by incorporating 

different molecular designs, allowing for the development of novel OPDs with unique detection 

properties over different spectral ranges. To date, many progresses have been made in the 

broadband OPDs, the advancement in the band-selective photoresponse of OPDs is still an open 
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challenge.36 This Ph.D. study aims to undertake a comprehensive research to develop high 

performing spectral tunable OPDs that can be operated in different modes for high responsivity. 

1.2 Advances in Band-selective OPDs 

Band-selective PDs over different wavelength ranges are critical for applications in wellness, 

automotive, light fidelity (Li-Fi), light communication.37 The present available commercial PDs 

are fabricated mainly using inorganic semiconductor materials, such as silicon (Si) and III–V 

compound semiconductors. These Si and III-V compound semiconductors-based PDs have a 

broadband photoresponse and usually require different external optical filters to block the 

undesired light with a wavelength outside the detection spectrum window. However, the use of the 

external optical filters reduces the overall PD sensitivity, aiding in additional device integration 

complexity and manufacturing cost. It also has technical limitations for use in curved or flexible 

large-area PDs3,38 as the bandpass depends critically on the difference in the interference of the 

optical path in optical filters. 

The band-selective photodetection performance of filter-free OPDs has been frequently 

discussed in recent years.39 The organic semiconductors have offered facile tunability of the 

electrical energy levels and thus light absorption properties. The organic semiconductors have 

higher light absorption coefficient of > 105 cm-1 as compared to that of the inorganic 

semiconductors (103 cm-1). A high photoconversion efficiency with an EQE of > 80% has been 

achieved for OPDs using a BHJ photoactive layer, with a layer thickness of the photoactive layer 

over the range of several-hundred nanometers. These properties provide device design freedom 

for attaining OPDs with novel band-selective photodetection characteristics. 



 

5 
 

The photoresponse in the conventional photodiode-type OPDs is dependent on the absorption 

characteristics of the photoactive layer.40,41 The utilization of narrowband light-absorbing organic 

semiconductors in the photoactive layer is a popular and straightforward approach to achieve band-

selective OPDs with high responsivity.42 The advantages of this approach include simple device 

structure, high light absorption since no optical filtering is present. The semiconductors that have 

narrowband light absorption have been adopted for use in OPDs to give UV light, visible light,43–

48 and NIR light selective photoresponses.49 The vertical stack of spectral selective OPDs with 

narrowband responses in adjacent red, green, blue color regions has been applied in image sensors, 

e.g., the AK-SHB810 camera produced by Fujifilm and Panasonic. The stacking OPDs holds the 

promise of breaking out some limitations of conventional complementary-metal-oxide-

semiconductor (CMOS) imaging techniques, such as high pixel resolution and broad-angle view. 

However, these band-selective OPDs have a detection spectrum with a broad full width of half 

maximum (FWHM) and strong crosstalk between the photons in the detection bands and the ones 

outside the desired bands. The detection spectrum of the conventional OPDs is limited to the 

choices of organic semiconductors that process narrowband light absorption, while most organic 

semiconductors are broadband light-absorbing. It is still an open challenge to achieve high-

performance band-selective photodetection using general broadband light-absorbing organic 

semiconductors. 

To address the above technical issues, much effort has been devoted to developing highly 

sensitive filter-free band-selective OPDs.36 Several filter-free band-selective photodetection 

approaches have been reported, e.g., using narrowband light-absorbing photoactive 

semiconductors,44,47,48 microcavity structure,50–53 electrode modification,54,55 and charge collection 

narrowing (CCN) effect,56,57 in the OPDs. The photoresponse in the conventional photodiode-type 
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OPDs is dependent on the absorption characteristics of the photoactive layer.40,41 The utilization 

of the narrowband light-absorbing photoactive layer in OPDs is a straightforward approach for 

achieving band-selective photodetection. The material-dependent conventional OPDs usually have 

a strong spectral crosstalk phenomenon due to a broad FWHM of the photodetection spectrum.58 

 

Figure 1.1 (a) Schematic drawing showing the working mechanism of a CCN-type OPD, (b) 

the absorption spectrum of the photoactive layer and the EQE spectrum measured for a CCN-type 

OPD, (c) the specific detectivity measured for a CCN-type OPD with a peak detectivity at 680 nm 

and a CCN-type OPD with a peak detectivity at 950 nm. (d) Schematic drawing showing the 

working mechanism of the microcavity-type OPD, (e) the cross-sectional view of a microcavity-



 

7 
 

type OPD, (f) the normalized EQE spectra of the microcavity-type OPD with the different resonant 

wavelengths in the NIR range. (g) Schematic drawing showing the working mechanism of a trap-

assisted charge-injection band-selective OPD, (h) the profile of charge generation in a 2500 nm 

P3HT:PC70BM-based charge-injection OPD, (i) the specific detectivity measured for a charge-

injection OPD with a peak wavelength at 650 nm.  

Different approaches have been attempted for achieving band-selective photodetection in 

solution-processable OPDs. The recent progress made in the band-selective OPDs are reviewed 

highlighting the research progress made in the field. 

(1) Charge-collection narrowing (CCN) PDs 

The CCN-type PDs have shown excellent narrowband photodetection properties. The CCN 

concept was proposed for achieving narrowband responsivity in the PDs using broadband light-

absorbing semiconductors. In the CCN-type PDs, a relatively thick photoactive layer, e.g., about 

2000 nm thick organic BHJ layer, is adopted to reduce the collection efficiency of the charge 

carriers generated by the shorter-wavelength light absorbed near the upper region of the bulk of 

the photoactive layer.57 The working mechanism of CCN-type OPDs is illustrated in Figure 1.1 

(a). It shows that the light is absorbed near the upper region of the photoactive layer that has a high 

absorption coefficient to the shorter-wavelength light, while the region with a modest light 

absorption coefficient is absorbed by the bulk region of the photoactive layer. The photocarriers, 

generated near the upper region of the photoactive layer, are lost to the charge recombination. The 

photogenerated charges formed in the bulk of the photoactive layer can be more efficiently 

collected to the paired electrodes compared to the charges generated near the upper region. The 

EQE spectrum measured for the CCN-type OPDs is shown in Figure 1.1 (b), with the absorption 
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spectrum of the photoactive layer as the reference, revealing that the narrowband responsivity of 

CCN-type OPD locates at the wavelength near the absorption edge of the photoactive layer. The 

specific detectivity measured for a CCN-type OPDs with a 2000 nm thick poly[N-9’-heptadecanyl-

2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT): PC70BM 

photoactive layer, and that with a 2000 nm thick poly[2,5-(2-octyldodecyl)-3,6-

diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-DTT):[6,6]-

phenyl-C71-butyric acid methyl ester (PC70BM) photoactive layer are shown in Figure 1.1 (c). 

The CCN-type OPDs exhibit a well-defined detection spectrum with an FWHM of < 90 nm at 680 

nm and 950 nm, respectively. The narrowband response of the thick CCN-type OPDs is achieved 

at a cost of the reduction in the responsivity as compared to the conventional photodiode-type OPD 

counterparts. However, the detection spectrum window of the CCN-type OPDs is dependent on 

the light absorption properties of the photoactive layer. A variety of CCN-type narrowband PDs 

with a thick photoactive layer prepared using different semiconducting materials of perovskite 

single crystal,59 perovskite and dye composite,56 and colloidal quantum dots,60 have been reported. 

(2) Microcavity PDs 

The Fabry-Perot microcavity OPD comprises a photoactive layer sandwiched between a 

semi-transparent-and-semi-reflective electrode and a reflective electrode. This turns the 

photoactive layer embedded in a one-dimensional resonant microcavity, allowing the enhancement 

of the OPD photoresponse at the resonant wavelength. The resonant wavelength, primarily relying 

on the cavity width, could be tuned by modulating the cavity length through changing the thickness 

of the photoactive layer or the non-absorbing layers within the cavity. The microcavity OPDs are 

constructed as an organic photoactive layer embedded into a wavelength scale microcavity, as 

indicated schematically in Figure 1.1 (d). The optical quality of a blended photoactive layer is 
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usually not as good as a neat film due to the vertical phase separation between the donor and 

acceptor semiconductors in the BHJ layer. Thus, a planar bilayer heterojunction is more preferred 

for the microcavity OPD. The response spectrum with an FWHM of < 20 nm was obtained using 

a microcavity NIR OPD having a highly reflective distributed Bragg reflector (DBR).54 However, 

the fabrication of the DBR requires a precise wavelength matching condition and costly process, 

and the microcavity OPDs have limited responsivity and undesired angular dependent 

photodetection phenomena. 

Recently, the matching between the resonance wavelength of the microcavity OPD and that 

of the intermolecular charge-transfer absorption, which is below the optical bandgap of the organic 

semiconductors, was used for enhancing the intermolecular charge-transfer absorption. A pair of 

a semi-transparent silver mirror and highly reflective silver mirror was used for this type of the 

microcavity OPDs, as shown in Figure 1.1 (e). The relatively thick non-light-absorbing transport 

layers were used to create a microcavity resonance wavelength in the NIR range, while a thin 

photoactive layer was sandwiched between the transport layers. The microcavity OPDs had a 

narrowband photoresponse with an FWHM of < 36 nm and a resonance over the wavelength range 

from 800 to 1600 nm, as shown in Figure 1.1 (f).50,51  

The microcavity OPDs have a well-defined spectral response with a narrow FWHM. 

However, this strategy is unable to eliminate the photoresponse to light with wavelength adjacent 

to the resonance wavelength, leading to an obvious crosstalk. Therefore, the devices are usually 

needed to equip with suitable optical filters to reduce the crosstalk in photoresponse. 
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(3) Trap-assisted charge-injection PDs 

The trap-assisted charge-injection behaviors taken place at the organic/metal interface in the 

OPDs have been intensely discussed. The spectral responsivity of the OPDs is found to be strongly 

related to the optical profile in the device. The responsivity spectrum is largely determined by the 

optical absorption near the organic/metal interface, where the charge injection takes place. The 

band-selective or narrowband photoresponse in the trap-assisted charge-injection OPDs is 

achieved by managing the optical profile to allow light from targeted bands to be absorbed in the 

charge-injecting organic/metal interface, and light out of the targeted band is not absorbed in the 

organic/metal interface. The schematic diagrams in Figure 1.1 (g) indicate that the green light is 

depleted by the bulk of the photoactive layer and the red light can reach the organic/metal interface, 

leading to red-light-sensitive charge injection and thus red-light-selective narrowband 

photoresponse. The charge-injecting OPD, comprising a layer configuration of ITO/poly(3,4-

ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS)/ poly(3-hexylthiophene-2,5-diyl) 

(P3HT):PC70BM (100:1, 3000 nm)/Al, exhibits a highly narrowband PM gain with a narrow 

FWHM of less than 30 nm, operated under different driving biases.61 The optical profile of the 

OPD is shown in Figure 1.1 (h), where only a portion of narrowband red light-generated electrons 

is presented to the P3HT:PC70BM/Al interface. This OPD shows highly narrowband detectivity 

with an FWHM < 30 nm, as shown in Figure 1.1 (i). The detection spectrum with a small FWHM 

is attributed to the sharp light absorption edge of the photoactive layer with the presence of a small 

amount of PC70BM. The charge injection is assisted by the trapped electron in PC70BM near the 

Al electrode under light illumination. The density of the electrons trapped in PC70BM near the hole 

injection electrode plays a key role in determining the interfacial band bending for hole tunneling 

injection from the external circuit. 
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The spectral response window of the trap-assisted charge-injection OPDs can be easily 

adjusted by optimizing the photoactive layer thickness, which can be well explained from the 

varied photogenerated electron distributions near the electrode. Narrowband OPDs comprising a 

structure of ITO/6,6’-(9’,9’-Bis(6-((3-ethyloxetan-3-yl)methoxy)hexyl)- 7,7’-diphenyl-9H ,9’H -

2,2’-bifluorene-9,9-diyl)bis(N,Ndiethylhexan-1-amine) (PFN-OX)/P3HT:3’H-cyclopropa[1,9] 

[5,6]fullerene-C60-Ih-3’-butanoic acid 3’-phenyl methyl ester (PC60M) (100:1)/Al were fabricated 

with different active layer thicknesses, exhibiting a tunable response window under bi-directional 

bias.62 The charge-injection OPDs with a 4000 nm thick P3HT:PC60BM photoactive layer have a 

“u-shaped” EQE spectrum with two narrowband response windows under a forward bias and a 

single narrowband response window under a reverse bias. The most important feature of the OPDs 

is that the FWHM of their response windows can be well maintained under a large bias. The OPD, 

comprising a layer configuration of ITO/PFN-OX/P3HT:poly[4,8-bis(5-(2-ethylhexyl)thiophen-

2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-

b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th):PC60BM (40:60:1, 3000 nm)/Al has a 

narrowband photoresponse with an FWHM of 40 nm over the range from 750 to 850 nm, operated 

under a reverse bias. A broadband spectral response over the wavelength range from 350 to 800 

nm was attained for the OPD operated under a forward bias.63 

The reported band-selective OPDs still are limited by unbalanced figure-of-the-merits, such 

as lower responsivity and weak spectral selectivity. The ideal band-selective OPDs should have at 

least the following characteristics: (1) highly sensitive to the target photodetection spectral band 

and be blind to the incident light with a wavelength outside the photodetection window, (2) high 

EQE and responsivity, (3) high response bandwidth and fast response speed, and (4) low dark 
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noise level and large dynamic range. The band-selective OPDs obtained from the above methods 

fail to address the figure-of-the-merits without scarifying one of the characteristics.  

The CCN method inevitably decreases the responsivity of the OPDs, in which the narrowband 

response is achieved at the cost of scarifying the photodetection efficiency due to the optical decay 

and charge collection lost in the thick photoactive layer. A relatively thicker photoactive layer, 

e.g., > 2 μm thick organic BHJ layer,57 is used in the CCN-type OPDs to form narrowband 

photoresponse through reducing the collection efficiency of the charges generated by the light 

absorbed primarily near the upper region of the photoactive layer.59 The CCN-type OPDs have a 

lower responsivity as compared to the conventional OPDs. The photomultiplication (PM) 

mechanism was adopted for use in CCN-type OPDs to improve the responsivity.63,64 The OPD 

consisting of a 2500 nm thick P3HT:PC70BM photoactive layer, prepared using a weight ratio of 

P3HT to PC70BM of 100:1, exhibits a narrowband photodetection with a narrow FWHM of < 30 

nm and a high EQE up to 53500% near the wavelength of 650 nm when it was operated under a 

reverse bias of -60 V.61 However, OPDs with a thicker photoactive layer have some technical 

limitations: (1) A narrow band response of the thick OPDs is obtained at a cost of the reduction in 

the responsivity comparing to the conventional OPDs.65,66 The responsivity of the CCN-type OPDs 

is limited due to the weak absorption in the selected band, caused by the attenuation of the incident 

light by the thick photoactive layer.67 (2) OPDs with a thick light-absorbing layer have a reduced 

response speed and a smaller response frequency bandwidth, e.g., < 1 kHz,59 because the 

photogenerated charges are drifted through a longer percolation pathway to their respective 

electrodes. (3) The CCN-type OPDs have a broadband photoresponse when they are operated 

under the different reverse biases.59,64 
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The narrowband microcavity-type OPDs have relatively poorer spectral selectivity and 

reduced responsivity. The trap-assisted charge-injection narrowband OPDs have the advantages 

of high responsivity and excellent spectral selectivity over the CCN-type and microcavity-type 

OPDs. However, the response speed of the trap-assisted charge-injection PM-type OPDs is limited 

by the long lifetime of the trapped charge carriers, contributing to high responsivity at a cost of 

decreasing the response speed. In this thesis, we report the results of high performing dual-mode 

and visible light blind NIR OPDs. They offer additional advantages such as having a bias-

switchable spectral response for applications in environmental pollution detection and light 

communication in two distinct bands. The solution-processable fabrication processes also lead to 

significant cost-benefits, thereby creating next-generation large-area and flexible OPDs. 
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1.3 Organization of This Thesis 

A review on recent research progresses made in the solution-processable band-selective 

OPDs is presented in chapter 1. The chapter also describes the scientific/technical environment of 

the field, discussing the research problems of the OPDs, the strategy adopted to solve the problems, 

the analysis, and the outcomes of this research project. 

Chapter 2 introduces the fundamentals of OPDs including the basic properties of the organic 

semiconductors, working mechanisms, and performance characteristics of OPDs. The unique 

photodetection properties of a filter-free narrowband OPD with a bilayer donor/acceptor 

photoactive layer are presented in section 2.3, discussing the strategy for using bi-layer and multi-

layer photoactive layer architectures to achieve filter-free band-selective OPDs. 

Chapter 3 discusses the results of a novel band-selective OPD designing with a bi-layer 

shorter-wavelength light depletion layer/longer-wavelength light-absorbing layer photoactive 

layer. The novel OPD architecture developed in this thesis offers an exciting device design 

freedom for attaining the state-of-the-art performance filter-free band-selective OPDs having 

simultaneous high responsivity and fast response speed. 

The results of the P3HT:PC70BM (100:1) based trap-assisted charge-injection PM-type OPDs 

are presented in chapter 4. The effect of the donor-to-acceptor ratio in the photoactive layer on the 

performance of the spectral tunable PM-type OPDs is analyzed, discussing the physics of 

electrically switchable spectral tunable photoresponses properties in the P3HT:PC70BM (100:1) 

based PM-type OPDs. 

The results of the high-performance electrically switchable NIR and visible light dual-mode 

OPDs are discussed in chapter 5. The dual-mode OPD has a unique feature of visible light blind 

file:///C:/Users/lulu/Desktop/PhD%20Thesis/Thesis_v2.docx%23_Chapter_2_
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NIR photodetection under reverse bias and NIR light blind visible light photoresponse when the 

OPD is operated under a forward bias. The device physics and unique photodetection 

characteristics of the dual-mode photodetection are discussed. 

The accomplishments of this research work are summarized in chapter 6. The suggestions 

and perspectives on the development of spectral tunable OPDs with improved performance are 

discussed. 
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Chapter 2: Fundamentals of OPDs 

 This chapter provides an overview of the fundamental knowledge of OPDs. Section 2.1 

describes the device architecture, materials choices, and photon-to-electron conversion physics of 

the OPDs. The performance characteristics of OPDs are presented in section 2.2. The novel filter-

free narrowband OPDs with a bilayer donor/acceptor photoactive layer are presented in section 

2.3, providing an example to help to understand the band-selective photodetection effect in the 

OPDs with a bilayer photoactive layer. 

2.1 Physics of OPDs 

The device physics of the conventional OPDs are briefly reviewed in this section to assist in 

understanding the photodetection properties of the novel spectral tunable OPDs developed in this 

thesis. The details of different OPDs with new device designs developed in the thesis are presented 

in the corresponding chapters. For example, the novel photodetection features of trap-assisted 

charge-injection PM-type dual-mode OPDs are discussed in chapter 4 and chapter 5.  

2.1.1 Device Architectures and Materials Used in This Work 

There are three types of OPD configurations, including photodiodes, photoconductors, and 

phototransistors. The OPDs discussed in this thesis are configurated according to the photodiode-

type structure. The schematic structure of the conventional photodiode-type OPD is shown in 

Figure 2.1 (a). The OPD comprises an organic photoactive layer, charge-transporting layers, and 

paired electrodes, where at least one of the electrodes is optically transparent or semi-transparent, 

e.g., using the ITO electrode. The organic/electrode interfaces are usually modified for desired 

charge-transporting properties. For instance, PEDOT:PSS can be used as the hole-transporting 

layer (HTL), and the zinc oxide (ZnO) layer is the electron-transporting layer (ETL). The general 

file:///C:/Users/lulu/Desktop/PhD%20Thesis/Thesis_v2.docx%23_1.2_Introduction_of
file:///C:/Users/lulu/Desktop/PhD%20Thesis/Thesis_v2.docx%23_2.2_Performance_Characterization
file:///C:/Users/lulu/Desktop/PhD%20Thesis/Thesis_v2.docx%23_2.2_Optical_Analysis
file:///C:/Users/lulu/Desktop/PhD%20Thesis/Thesis_v2.docx%23_2.2_Optical_Analysis
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photoactive layer in the OPD is an organic BHJ layer, formed by blending donor and acceptor 

semiconductors. The paired electrodes are connected to the external circuit to realize the 

photodetection functions. 

 

Figure 2.1 (a) Schematic diagram illustrating the multilayer structure of a photodiode-type 

OPD, consisting of an organic BHJ layer, carrier-transporting layers, and electrodes. (b) The 

molecular structures of the donor organic semiconductors used in this study: P3HT, PTB7-Th, 

PBDB-T, PDPP3T; and acceptor organic semiconductors used in this study: PC60BM, PC70BM, 

m-ITIC, COi8DFIC. 

The π-conjugated organic semiconductors have an excitonic character, where the holes and 

electrons are bound by an exciton binding energy. This results in low photogeneration efficiency 

of charge carriers in single-component photoactive layer, e.g., a pristine P3HT layer or a PTB7-

Th layer. Thus, the BHJ photoactive layer, comprising at least one type of donor semiconductor 

and one type of acceptor semiconductor, is adopted to assist the dissociation of exciton and 

generation of charge carriers. The donor semiconductors used in this work includes P3HT, PTB7-

Th, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-
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(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDB-

T), and poly{2,2’-[(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-

diyl)dithiophene]-5,5’-diyl-alt-thiophen-2,5-diyl} (PDPP3T). The acceptors used in this thesis are 

PC60BM, PC70BM, 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-

tetrakis(3-hexylphenyl)-dithieno[2,3-d:2,3’-d’]-s-indaceno[1,2-b:5,6-b’]-dithiophene (m-ITIC), 

and 2,2’-[[4,4,11,11-tetrakis(4-hexylphenyl)-4,11-dihydrothieno[2’,3’:4,5]thieno[2,3-

d]thieno[2’’’’,3’’’’:4’’’,5’’’]thieno[2’’’,3’’’:4’’,5’’]pyrano[2’’,3’’:4’,5’]thieno[2’,3’:4,5]thieno[3

,2-b]pyran-2,9-diyl]bis[methylidyne(5,6-difluoro (COi8DFIC). The binary blend layers, PBDB-

T:m-ITIC (1:1), PDPP3T:m-ITIC (1:1), and ternary blend layer, PTB7-Th:COi8DFIC:PC70BM 

(1:1:0.5), were used as the BHJ photoactive layers in this work. The schematic molecular structures 

for the above organic donor and acceptor semiconductors are shown in Figure 2.1 (b). The 

PDPP3T and COi8DFIC are narrow-bandgap organic semiconductors with strong light absorption 

in the NIR range. 

2.1.2 Photon-to-electron Conversion 

There are several processes taking place in the OPDs during the photon-to-electron 

conversion process: (1) light absorption and exciton generation in the photoactive layer, (2) exciton 

diffusion and dissociation at the donor/acceptor interfaces, (3) charge transport and collection to 

the paired electrodes. The energy band structure in the organic semiconductors enables optical 

excitation to take place by absorbing the incident light, creating an excited state or a bound hole-

electron pair (termed exciton), as shown in step (1). The excitons, or bound hole-electron pairs, 

are not easy to dissociate unless additional energy is provided, such as the electric field, heat, or 

other sources.68–71 The donor/acceptor interface in the BHJ layer offers sufficient energy offset for 

efficient exciton dissociation. In step (2), the excitons diffuse to the donor/acceptor interfaces, and 
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the difference of their energy levels allows exciton to dissociate into free electron and hole charge 

carriers. The electrons transfer to acceptor side due to lower lowest unoccupied molecular orbitals 

(LUMO) in acceptor semiconductor, and holes transfer to the donor side because the highest 

unoccupied molecular orbitals (HOMO) in donor semiconductor is higher. The difference in 

energy levels of the anode and cathode also builds up a built-in potential across the photoactive 

layer, and the charge carriers are drifted towards the respective electrodes, as shown in step (4).72 

An external reverse bias is usually applied on the OPDs to assist the charge transport and collection. 

Finally, the free electrons and hole charge carriers can be collected by the respective cathode and 

anode electrodes. 

  

Figure 2.2 Schematic diagrams show the main processes of photon-to-electron conversion 

processes in OPDs with a BHJ photoactive layer: (a) Exciton creation by light absorption in the 

donor semiconductor. (b) Exciton creation by light absorption in the acceptor semiconductor. 

The excitons can be created in either the donor semiconductors or acceptor semiconductors 

upon light absorption, as illustrated in Figures 2.2 (a) and 2.2 (b). The light absorption in the 

donor semiconductor is shown in Figure 2.2 (a), followed by exciton diffusion and the exciton 

dissociation at the donor/acceptor interface, where the electrons transfer to the acceptor 

semiconductors and holes remain in the donor molecules after the exciton dissociation. The 

electrons and holes are then collected to the anode and cathode, respectively. The exciton 
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excitation by light absorption in acceptor semiconductors is shown in Figure 2.2 (b). The 

schematic drawings show the main process of converting light to photocurrent in the OPDs. 

Recently, a series of narrow-bandgap non-fullerene acceptors have been used in OSCs and 

OPDs to extend the light utilization in NIR range, such as COi8DFIC and 2,2’-((2Z,2’Z)-((12,13-

bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[’’,3’’:4’,5’]thieno 

[2’,3’:4,5]pyrrolo[3,2-g]thieno[2’,3’:4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis 

(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) that absorb NIR 

light with a absorption edge wavelength of over 1000 nm. The narrow-bandgap acceptors applied 

in the OPDs contributes to absorb light with long wavelength that cannot be absorbed in the broad-

bandgap donor semiconductors, realizing high-performance NIR and SWIR OPDs.73,74 
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2.2 Performance Characterization 

The OPDs must be properly designed to suppress the noise current and thereby enhancing the 

photoresponse. The suppression of the noise current is one of critical factors that is responsible for 

the overall device performance, such as signal-to-noise ratio and specific detectivity. To evaluate 

the performance of an OPDs, the following device characteristics have been analyzed. 

EQE and Responsivity 

The EQE, one of the critical characteristics of OSCs, is the ratio of the number of collected 

photogenerated charge carriers to the number of incident photons. In the case of OPDs, the EQE 

is considered as the ratio of the number of charge carriers flowing across the device to the number 

of incident photons. The difference between the EQE definitions in OSCs and OPDs is that the 

charge injection from the external circuit can improve the EQE value of OPDs when operated 

under external electrical bias. The EQE of the conventional photodiode-type OPDs can be > 80% 

upon sufficient light absorption and efficient charge collection, and is usually limited to 100%. 

However, a high EQE of over 100% can be achieved in a PM-type OPD due to the multiplication 

process.  

Responsivity is the ratio of photoresponse to the incident light by energy instead of the 

number. It is expressed in the unit of A/W. Responsivity indicates how efficient is the OPD 

responding to an optical signal. The responsivity, R(λ), is given by 

 𝑅(𝜆) =
𝐽𝑝ℎ(𝜆)

𝐼𝑙𝑖𝑔ℎ𝑡 (𝜆)
=

𝐽𝑙𝑖𝑔ℎ𝑡(𝜆) − 𝐽𝑑𝑎𝑟𝑘

𝐼𝑙𝑖𝑔ℎ𝑡(𝜆)
 (1) 
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where Jph refers to the photocurrent, Ilight is the light intensity, Jlight is the current measured for the 

OPD in the presence of light, and Jdark is the dark current of the device. The responsivity can also 

be calculated using EQE values by 

 𝑅(𝜆) =
𝐸𝑄𝐸 ∙ 𝑒

ℎ𝑐
𝜆⁄

 (2) 

where h is the Planck constant (4.14×10-15 eV s), c is the speed of light (3×108 m/s) and e is the 

electron charge (1.60×10-19 coulombs). 

 

Figure 2.3 (a) Schematic diagrams illustrating the EQE/responsivity measurement set-up. (b) 

The EQE spectrum and responsivity spectrum measured for an OPD comprising a layered structure 

of ITO/PEDOT:PSS/PBDB-T:m-ITIC (1:1, 120 nm)/ZnO/Al. 

The schematic diagram of the experimental set-up in the EQE/responsivity measurement is 

shown in Figure 2.3. The light generated from a broadband light source, such as xenon lamp, 

enters into a monochromator for producing the monochromatic light. The source meter is used to 

extract the photocurrent signals from OPDs. The EQE and responsivity spectra measured for an 

OPD, comprising a layer structure of ITO/PEDOT:PSS/PBDB-T:m-ITIC/ZnO/Al, is shown in 
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Figure 2.3 (b). It shows that an OPD with a relative flat EQE spectrum exhibits higher responsivity 

in the longer-wavelength spectral region and lower responsivity in the shorter-wavelength range. 

Spectral response 

The spectral response of OPDs is usually described by the responsivity or EQE spectrum. The 

OPDs can have broadband, narrowband, and hyperspectral photoresponses. For the broadband 

OPDs, the spectral response usually covers a wide wavelength range. For narrowband OPDs, the 

spectral response is narrowly confined to a targeted wavelength range. The narrowband OPDs are 

considered to have a spectral response with an FWHM of < 100 nm. It is expected that the 

narrowband OPDs only detect light from the targeted wavelength range without the response to 

the photons with a wavelength outside the targeted spectral range. The hyperspectral OPDs are 

designed for applications in multi-spectral imaging processes for identifying materials and 

component analysis.75,76 The hyperspectral PDs have shown narrowband photodetection in several 

defined wavelength ranges.77 

Noise level 

It is important to study the noise level of an OPD when evaluating its specific detectivity. The 

noise level is a crucial characteristic determining the signal-to-noise ratio, dynamic range, and the 

minimum weak light detection capability of the OPDs.78–80 The noise of an OPD is associated 

closely to shot noise (Ishot), thermal noise (Ithermal), and flicker noise (Iflicker). The total noise can be 

calculated from 

 

𝐼𝑡𝑜𝑡 = √𝐼𝑠ℎ𝑜𝑡
2 + 𝐼𝑡ℎ𝑒𝑟𝑚𝑎𝑙

2 + 𝐼𝑓𝑙𝑖𝑐𝑘𝑒𝑟
2 

(3) 
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The Ishot typically origins from the electric charges. The Ishot of an OPD is contributed by the 

statistical fluctuations of dark current and photocurrent. The Ishot in the OPD is usually taken as 

the dark current that is measured for the OPD in the dark condition and is used for calculating the 

specific detectivity. The Ishot can be expressed by 

 

𝐼𝑠ℎ𝑜𝑡 = √2𝑞(𝐼𝑝 + 𝐼𝑑) × ∆𝑓 

(4) 

The Ithermal, also named as Nyquist noise or Johnson noise, is the noise caused by thermal 

activation of charge carriers, generally in the photoactive layer, in the OPD. The Ithermal is usually 

not dependent on the voltage, but generally related to the parallel resistance of the OPD and 

environmental temperature. It is given by 

 

𝐼𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = √
4𝑘𝐵𝑇∆𝑓

𝑅𝑠ℎ
 

(5) 

The Ithermal is usually considered neglectable in the UV and visible OPDs, but has drawn much 

attention in the NIR and SWIR OPDs that compromise narrow-bandgap semiconductors in the 

photoactive layer.26,29 

The Iflicker, also noted as frequency noise, is a type of low-frequency electronic noise with a 

1/f power spectral density. 

On the one hand, the Ithermal of the OPDs usually remains unchanged with or without the 

applied voltage, while the Ishot becomes much larger under an increasing reverse bias. On the other 

hand, the flicker noise dramatically drops at a frequency of > 10 Hz and quickly falls below the 

level of shot noise. Thus, it is a good approximation that the noise level is dominated by the dark 

current of the OPD under an applied bias. 
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Noise equivalent power 

Another important characteristic is noise equivalent power (NEP), which indicates the 

minimum light intensity at which an OPD can differentiate the photoresponse from the background 

noise. The NEP is defined as 

 
NEP =

𝑖𝑛𝑜𝑖𝑠𝑒

𝑅
 

(6) 

Specific detectivity 

The specific detectivity (D*) is used to characterize the capability of OPD to be operated 

under weak light. Typically, it is equally calculated by the responsivity and noise level of an OPD 

by 

 

𝐷∗ =
(𝐴𝐵)1/2

𝐼𝑛𝑖𝑜𝑠𝑒
𝑅⁄

=
√𝐴𝐵

𝑁𝐸𝑃
 

(7) 

where A refers to the active area of the device and B is usually taken as the normalized bandwidth 

(1 Hz). 

If the shot-noise is the dominant noise in the OPDs operated with an external bias, the D* can 

be calculated by 

 

𝐷∗ =
𝑅

√2𝑞 × 𝐽𝑑𝑎𝑟𝑘

 

(8) 

The noise level is usually dominated by Ishot, and this value can be directly read out by an 

accurate current meter. 
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Linear dynamic range 

The linear dynamic range (LDR) presents the operational range of intensity of the incident 

light which forms a linear relationship with the photoresponse in an OPD. The LDR can be 

determined experimentally by measuring the light intensity-dependent photocurrent in the OPD. 

The LDR can be expressed by, 32,81 

 
𝐿𝐷𝑅 = 10 × log

𝑃𝑚𝑎𝑥

𝑃𝑚𝑖𝑛
 

(9) 

or, 44,82 

 
𝐿𝐷𝑅 = 20 × log

𝑃𝑚𝑎𝑥

𝑃𝑚𝑖𝑛
 

(10) 

where Pmax and Pmin are the maximum and minimum limits of the intensity of incident light that 

the photocurrent of the OPD follows a linear dependence relationship on light intensity. The LDR 

can be largely affected by the recombination, the electron-hole balance in the charge-transporting 

process.83 The lower limit (minimum light intensity) of the LDR is usually governed by the noise 

level. The upper limit (maximum light intensity) of the LDR is affected by bi-molecular 

recombination, which reduces the charge extraction efficiency.  

-3 dB cutoff frequency and response time 

The photoresponse speed of an OPD can be evaluated by its -3 dB cutoff frequency and 

response time. The -3 dB cutoff frequency (f-3 dB) of the OPDs is regarded as the modulation 

frequency of the squared wave-modulated light source at which the photoresponse reduces to 50% 

of the photoresponse under steady illumination. The f-3 dB is usually related to the resistor-capacitor 
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(RC) time of the equivalent circuit and carrier transit time.13 The RC time constant limited 

frequency bandwidth is given by 

 

𝑓𝑅𝐶 =
1

2𝜋𝑅𝐶
 

(11) 

where R is the shunt resistance and C is the capacitance of the device. The carrier transit time-

limited cutoff frequency (ftr) is given by 

 

𝑓𝑡𝑟 =
3.5

2𝜋𝜏𝑡𝑟
 

(12) 

where τtr refers to the carrier transit time. The overall f-3 dB is calculated by 

 1

𝑓−3 𝑑𝐵
2 =

1

𝑓𝑅𝐶
2 +

1

𝑓𝑡𝑟
2 

(13) 

The response time, including the rise time (𝜏𝑟𝑖𝑠𝑒) and fall time ( 𝜏𝑓𝑎𝑙𝑙), is defined as the time 

interval between the 10% and 90% of peak photocurrent during a “turning on/off” switching of 

the incident light. 
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2.3 Filter-free Narrowband OPDs 

The definition of spectral responsivity in OPDs is given by the following equation: 

 
𝑅(𝜆) =

𝐸𝑄𝐸∙𝑞

ℎ𝑐/𝜆
= 𝜂𝑎𝑏𝑠 ∙ 𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑙𝑙 ∙

𝑞

ℎ𝑐/𝜆
 

(14) 

where 𝜂𝑎𝑏𝑠 is the light absorption efficiency in the photoactive layer, 𝜂𝑔𝑒𝑛 is the charge generation 

efficiency (in number ratio of the photogenerated free hole and electron pairs to the absorbed 

photons), and 𝜂𝑐𝑜𝑙𝑙  is the possibility of a charge carrier being collected to the electrodes. It is 

important to note that the 𝜂𝑎𝑏𝑠, 𝜂𝑔𝑒𝑛, 𝜂𝑐𝑜𝑙𝑙 are wavelength-dependent. 

The 𝜂𝑎𝑏𝑠 is related to the organic semiconductors used in the photoactive layer and the optical 

profile in the OPDs. The organic semiconductors have high light absorption coefficients of 

typically around 105 cm-1, which is higher by two orders compared to 103 cm-1 of the inorganic 

semiconductors. Therefore, the organic photoactive layer having a modest thickness of several 

hundred nanometers is sufficient for fully absorbing the incident light. The 𝜂𝑐𝑜𝑙𝑙 in the OPDs can 

approach unity since the charge-transporting path is larger than device thickness ensuring that most 

of the photogenerated charges can be collected within the lifetime of the charge carriers. The 𝜂𝑔𝑒𝑛 

is boosted by the BHJ structure in OPDs because the enriched donor/acceptor interfaces provide 

enough energy for exciton dissociation. Consequently, the spectral responsivity in the OPDs is 

usually determined by the 𝜂𝑎𝑏𝑠  in the photoactive layer unless additional energy-dependent 

phenomena are affecting the 𝜂𝑔𝑒𝑛 and 𝜂𝑐𝑜𝑙. It is important to consider the optical profile in the 

device when analyzing the spectral properties of OPDs. 

The OPDs consisting of a structure of ITO/PEDOT:PSS/P3HT/PC60BM/ZnO/Al, as shown 

in Figure 2.4 (a), were studied. The planar bilayer P3HT/PC60BM photoactive layer has been 
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constructed via sequential spin coating the P3HT layer and the PC60BM using orthogonal solvents. 

The P3HT:PC60BM BHJ region can be formed at the P3HT/PC60BM interface during the annealing 

process. The P3HT:PC60BM BHJ region is efficient for exciton dissociation. The energy level 

diagram is shown for the functional materials used in the OPD, as shown in Figure 2.4 (b). The 

energy offsets between the energy band levels of P3HT and PC60BM allow the photogenerated 

excitons from P3HT near the P3HT:PC60BM BHJ region to dissociate. The dissociation of the 

excitons generated in the P3HT layer where is far away from the P3HT:PC60BM BHJ region is 

suppressed due to the lack of exciton dissociation interfaces. 

 

Figure 2.4 (a) Schematic diagram showing the cross-sectional view of the OPD with a layer 

structure of the ITO/PEDOT:PSS/P3HT/PC60BM/ZnO/Al. (b) The schematic diagram illustrating 

the energy level of the functional materials used in the OPD. 

The spectral responsivities measured for the OPDs with a bilayer photoactive layer 

comprising the P3HT layer with different thicknesses of 220, 300, 450, 640 nm are shown in 

Figure 2.5. The OPD comprising a 200 nm thick P3HT layer exhibits high broadband visible light 

responsivity from 350 to 650 nm, as shown in Figure 2.5 (a). The responsivity of the OPDs 

increases with the decrease of the bias from 0 to -2 V. The responsivity of ~260 mA/W over the 
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wavelength range from 550 to 650 nm and the responsivity of 200 mA/W over the wavelength 

range from 350 to 450 nm was obtained for the OPD operated under -2 V. 

 

Figure 2.5 Responsivity measured for the P3HT:PC60BM-based OPDs, operated under 

different biases of 0, -0.5, -1, -2 V, comprising a P3HT layer with different thicknesses of (a) 220 

nm, (b) 300 nm, (c) 450 nm, (d) 640 nm. 

The OPD having a 300 nm thick P3HT layer in the photoactive layer exhibits longer-

wavelength-selective responsivity, as shown in Figure 2.5 (b). The responsivity of 250 mA/W 

over the longer-wavelength and that of 150 mA/W over the shorter-wavelength and medium-

wavelength were recorded for the bilayer OPD operated under -2 V. The bilayer OPD having a 

450 nm thick P3HT layer in the photoactive layer had a higher responsivity over the longer-

wavelength range. The responsivity spectrum shows an obvious dip in the medium-wavelength 
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region, as shown in Figure 2.5 (c). The dip in the medium-wavelength range is further suppressed 

in the OPD with a 640 nm thick P3HT layer, as Figure 2.5 (d) shows. It shows a peak in the 

longer-wavelength region, having responsivity of 90 mA/W, and a second peak in the shorter-

wavelength region, having responsivity of 30 mA/W measured for the bilayer OPD operated under 

-2 V. The responsivity of the bilayer OPDs decreases when the thickness of the P3HT layer 

increases, while the selectivity of the OPD over the longer-wavelength is improved. The OPD 

comprising a 640 nm thick P3HT layer exhibits a narrowband response to red light with a 

responsivity of 90 mA/W at 630 nm, as it is shown in Figure 2.5 (d). 

The responsivity spectra measured for the OPDs with P3HT layer of different thicknesses are 

normalized in Figure 2.6 (a) to understand the spectral properties of the narrowband OPDs. The 

dip in the responsivity spectra appears as the thickness of the P3HT layer increases from 220 to 

300 nm, and the responsivity to green light is further suppressed in the OPDs with a thicker P3HT 

layer. The peak responsivity to the red light of the OPDs becomes narrower and the peak 

wavelength exhibits a slight redshift when the thickness of the P3HT layer further increases from 

300 to 640 nm. The EQE spectrum measured for the 450 nm P3HT-based OPD is plotted parallel 

to the absorption measured for a pristine P3HT layer in Figure 2.6 (b). It is found that the EQE 

spectrum of the OPD is inverted to the light absorption of the P3HT layer. The dip of the EQE 

locates over the wavelength range from 450 to 550 nm, while the absorption of P3HT shows the 

highest absorption over the wavelength range from 450 to 600 nm. The narrowband EQE spectrum 

peak of the OPDs locates at the absorption spectrum edge of the P3HT layer. 

The responsivity ratio, calculated using the responsivity measured for the OPDs at 620 nm to 

that measured at 510 nm, is shown in Figure 2.6 (c). The responsivity ratio increases from 1.2 to 

50 when the thickness of the P3HT layer increases from 220 to 500 nm. Tough further increasing 
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the P3HT layer slightly suppresses the responsivity ratio, the responsivity ratios of > 30 have been 

retained in the OPDs with a P3HT layer thickness of 640 and 680 nm, indicating well-retained red-

light-selective sensitivity in the bilayer narrowband OPD.  

 

Figure 2.6 (a) Normalized responsivity measured for the OPDs comprising a P3HT layer 

with different thicknesses of 220, 300, 450, 640 nm. (b) Normalized absorption measured for the 

pristine P3HT layer and normalized EQE spectrum measured for the OPD comprising a 450 nm 

thick P3HT. (c) The ratio of the responsivity at 620 nm to that obtained at 510 nm, and the FWHM 

of the spectral response calculated for the OPDs comprising a P3HT layer with different 

thicknesses. (d) The normalized responsivity spectra measured for the OPD, with a 510 nm thick 

P3HT layer, operated under different driving biases of 0, -0.5, -1.0, and -2.0 V. 
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The FWHM of the red-light responsivity peak is extracted for the OPDs with different P3HT 

thickness, as shown in Figure 2.6 (c). The FWHM of the responsivity of the OPDs decreases when 

the thickness of the P3HT layer increases. The FWHM of the responsivity decreases to about 40 

nm in the OPDs with a P3HT layer thickness of over 500 nm. Combining the advantages of high 

responsivity, large responsivity ratio, and small FWHM, the OPD comprising 500 nm P3HT shows 

excellent red-light narrowband photodetection performance. The normalized responsivity spectra 

measured for the OPD, comprising a 510 nm thick P3HT layer, under different bias is shown in 

Figure 2.6 (d). It is shown that the normalized responsivity spectra measured for the bilayer OPD 

under different biases of 0, -0.5, -1.0, and -2.0 V, are highly identical to each other, indicating its 

stable red-selective photoresponse under different biases. 

This section reveals the important relationship between the optical profile and band-selective 

photodetection in OPDs. In chapter 3, the results of the band-selective OPDs using a depletion 

layer/NIR light-absorbing layer photoactive layer will be studied. 
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Chapter 3: Filter-free Band-selective OPDs 

3.1 Principles of Filter-free Band-selective OPDs 

3.1.1 Device Preparation 

The filter-free band-selective OPDs having a layer configuration of ITO/PEDOT:PSS (30 

nm)/depletion layer/NIR-absorbing layer/ZnO (10 nm)/Al(100 nm), as shown in Figure 3.1 (a), 

were fabricated. The 30 nm thick PEDOT:PSS layer serves as an HTL, and the 10 nm thick ZnO 

layer acts as an ETL in the OPDs. The device fabrication processes are as follows: 

Preparation of the anode 

The ITO coated glass substrates with a sheet resistance of 10 Ω/square were used. The pre-

patterned ITO/glass substrates were cleaned by ultrasonication sequentially with detergent, 

distilled water, acetone, isopropanol each for 30 min. The wet-cleaned ITO/glass substrates were 

then treated by the UV-ozone plasma for 15 min prior to the film deposition. A 30 nm thick 

PEDOT:PSS was deposited on ITO/glass substrates by spin-coating at a rotation speed of 2500 

rpm for 50 s, followed by post-deposition annealing at 140 OC for 10 min in air. 

Deposition of the depletion layer 

The PEDOT:PSS/ITO substrates were then transferred to a glovebox filled with high purity 

nitrogen for the deposition of organic layers. An 800 nm thick PTB7-Th visible light depletion 

layer was deposited on the ITO/PEDOT:PSS surface by spin-coating using a PTB7-Th solution, 

with a PTB7-Th concentration of 50 mg/mL in chlorobenzene. A 430 nm thick P3HT layer 

depletion layer was prepared by spin-coating at 1500 rpm for 60 s using a P3HT solution with a 

weight concentration of 60 mg/mL in 1,2-dichlorobenzene. 
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Deposition of the NIR-absorbing layer 

The ternary PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer was prepared using a PTB7-

Th:COi8DFIC:PC70BM mixture solution, prepared by dissolving PTB7-Th, COi8DFIC and 

PC70BM in chlorobenzene having a weight ratio of PTB7-Th:COi8DFIC:PC70BM of 1:1:0.5. The 

resulting ternary PTB7-Th:COi8DFIC:PC70BM solution had a concentration of 18 mg/mL in 

chlorobenzene. The ternary PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer was first 

deposited on the pre-cleaned SiO2/Si wafer. The ternary PTB7-Th:COi8DFIC:PC70BM NIR-

absorbing layer on the SiO2/Si wafer was then removed by a transfer process using a 

polydimethylsiloxane (PDMS) mold in distilled water. The ternary PTB7-Th:COi8DFIC:PC70BM 

NIR-absorbing layer was then transferred onto the surface of the PTB7-Th visible light-depletion 

layer by lamination approach using the PTB7-Th:COi8DFIC:PC70BM-coated PDMS mold. The 

PDMS mold was carefully removed after the stack of PEDOT:PSS/PTB7-Th/PTB7-

Th:COi8DFIC:PC70BM/PDMS was annealed at 100 OC for 10 min, forming a layered structure of 

PTB7-Th:COi8DFIC:PC70BM/PTB7-Th/PEDOT:PSS/ITO/glass. 

The 120 nm thick PBDB-T:m-ITIC layer was prepared by spin-coating on SiO2/Si wafer at 

1750 rounds per minute (rpm) for 50 s, followed with a post-annealing at 140 OC for 30 min. The 

80 nm PDPP3T:m-ITIC layer was coated on SiO2/Si wafer by spin-coating at 1100 rpm followed 

by a post-annealing at 100 OC for 10 min. The 120 nm thick PBDB-T:m-ITIC and 80 nm thick 

PDPP3T:m-ITIC layers were overlaid on the 430 nm P3HT layer by the transfer process described 

above. 
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Deposition of the cathode 

A 10 nm thick ZnO ETL was deposited on the organic stack by spin-coating a solution of 

ZnO nanoparticles at a rotation speed of 2000 rpm for 50 s. The layered organic samples were then 

transferred to the adjacent vacuum chamber, with a base pressure of 510-4 Pa, for deposition of a 

100 nm thick Al cathode. The OPDs have an active area of 3.0 mm  3.0 mm, defined by the 

overlapping area between the front ITO anode and the rear Al cathode. 

 

Figure 3.1 (a) The cross-sectional views of a filter-free band-selective OPD with a bilayer 

visible light depletion layer/NIR-absorbing layer photoactive layer. (b) The absorption spectrum 

measured for a 100 nm thick ternary PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer and the 

transmission spectrum measured for an 800 nm thick PTB7-Th visible light depletion layer. 

3.2.2 Optical Simulation 

The filter-free band-selective OPDs, e.g., using a pristine PTB7-Th visible light depletion 

layer and a ternary blended PTB7-Th:COi8DFIC:PC70BM (1:1:0.5) NIR-absorbing layer, 

comprising a layer configuration of ITO/PEDOT:PSS (30 nm)/PTB7-Th (800 nm)/PTB7-
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Th:COi8DFIC:PC70BM (100 nm)/ZnO (10 nm)/Al(100 nm), were analyzed. The normalized 

absorption spectrum (red dashed curve) of a 100 nm thick ternary PTB7-Th:COi8DFIC:PC70BM 

NIR-absorbing layer and the transmission spectrum (black short dashed curve) of an 800 nm thick 

PTB7-Th visible light depletion layer are plotted in Figure 3.1 (b). The shaded spectral region in 

Figure 3.1 (b) indicates the wavelength range of the incident light that can be detected selectively 

by the ternary PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer in the filter-free NIR OPD, 

determined by the difference in wavelengths between the transmission cut-off (at 750 nm) of an 

800 nm thick PTB7-Th visible light depletion layer and absorption edge (at 1050 nm) of the 100 

nm thick PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer. 

The optical distribution in the filter-free visible light blind NIR OPD, comprising a layered 

architecture of ITO/PEDOT:PSS/PTB7-Th (800 nm)/PTB7-Th:COi8DFIC:PC70BM (100 

nm)/ZnO/Al, was analyzed. The profile of the optical field distribution in the OPD over the 

wavelength range from 350 to 1100 nm was calculated using the optical admittance analysis.84–86 

The profile of optical field distribution across the 800 nm thick PTB7-Th visible light depletion 

layer and 100 nm thick PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer in the OPD as a 

function of wavelength is shown in Figure 3.2 (a). It reveals clearly that the incident light with a 

wavelength of < 750 nm is fully absorbed by an 800 nm thick PTB7-Th visible light depletion 

layer. It allows the NIR light with a wavelength of > 750 nm to penetrate and to be absorbed by 

the 100 nm thick ternary PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer. To analyze the 

optical behavior of the visible and NIR light in the OPD, the profile of absorbed photons generated 

by the visible light with a wavelength of < 750 nm and NIR light with a wavelength of > 750 nm 

inside the OPD are analyzed in Figure 3.2 (b). Figure 3.2 (b) shows that the visible light, e.g., 

with a wavelength of < 750 nm, is fully absorbed by the 800 nm thick PTB7-Th visible light 
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depletion layer. It shows that the incident photons over the selected detection wavelength range 

from 750 to 1050 nm, defined by the shaded spectral region in Figure 3.1 (b), are primarily 

absorbed by the 100 nm thick PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer.  

 

Figure 3.2. (a) The profile of the optical field distribution and (b) the distribution of absorbed 

photons in the filter-free visible light blind NIR OPD with a bilayer PTB7-Th (800 nm)/PTB7-

Th:COi8DFIC:PC70BM (100 nm) photoactive layer. The profiles of (c) the optical distribution, 

and (d) photon absorption, calculated for the visible (550 nm) and NIR (940 nm) light in a filter-

free visible light blind NIR OPD with a bilayer PTB7-Th (800 nm)/PTB7-Th:COi8DFIC:PC70BM 

(100 nm) photoactive layer. 

The light intensity distribution of the visible (550 nm) and NIR (940 nm) light in the OPD 

are shown in Figure 3.2 (c). The intensity of the visible light in the OPD decreases rapidly in the 
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800 nm thick PTB7-Th visible light depletion layer and vanishes before reaching to the ternary 

PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer. The corresponding profiles of the photons 

generated by the visible (550 nm) and NIR (940 nm) light are shown in Figure 3.2 (d). It is clear 

that the visible light is fully absorbed in the PTB7-Th visible light depletion layer and the NIR 

light only absorbed in the PTB7-Th:COi8DFIC:PC70BM NIR-absorbing layer. 

The 800 nm thick pristine PTB7-Th layer in the filter-free visible light blind NIR OPDs serves 

as the visible light depletion layer, depleting incident light with a wavelength of < 750 nm. The 

excitons generated by the visible light in the pristine PTB7-Th layer are lost to the recombination 

without contributing to the photocurrent, due to the lack of donor/acceptor interfaces for exciton 

dissociation. Therefore, the excitons generated by the PTB7-Th visible light depletion layer do not 

contribute to photodetection. The filter-free visible light blind NIR OPDs can be designed such 

that the visible light can be fully absorbed by the depletion layer. The NIR light cannot be absorbed 

by the visible light depletion layer because the photon energy of the NIR light is below the optical 

bandgap of the selected visible light depletion layer. The NIR light-induced charge carriers are 

generated in the PTB7-Th:COi8DFIC:PC70BM layer. The PTB7-Th visible light depletion layer 

also acts as the HTL assisting in transporting and extracting the holes generated by the PTB7-

Th:COi8DFIC:PC70BM NIR-absorbing layer in the filter-free visible light blind NIR OPDs. The 

detection spectrum window of the filter-free band-selective OPDs can then be tuned over the NIR 

wavelength range by managing the desired detection spectrum window, as shown in Figure 3.1 

(b), through an appropriate combination of the visible light depletion layer and the NIR-absorbing 

layer. 
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3.2 Novel Properties of the Filter-free Band-selective OPDs 

Improved Responsivity 

The photodiode-type NIR OPDs and filter-free visible light blind NIR OPD, were fabricated 

for comparison studies. The photodiode-type NIR OPD comprises a layer configuration of 

ITO/PEDOT:PSS/NIR-absorbing layer/ZnO/Al. The photodiode-type NIR OPDs having different 

NIR-absorbing layer thicknesses of 185 nm (conventional OPD) and 2700 nm (CCN-type OPD), 

with a layer configuration of ITO/PEDOT:PSS (30 nm)/NIR-absorbing layer (185 nm, and 2700 

nm)/ZnO (10 nm)/Al(100 nm), were also fabricated for comparison studies.  

The responsivity of the conventional NIR OPD with a layer configuration of 

ITO/PEDOT:PSS (30 nm)/PTB7-Th:COi8DFIC:PC70BM (185 nm)/ZnO (10 nm)/Al(100 nm), has 

a typical broadband photoresponse over the wavelength range from 350 to 1050 nm, as shown in 

Figure 3.3 (a). It shows that the responsivity spectra measured for the conventional photodiode 

type OPD operated under different reverse biases of 0, -0.4, and -1.0 V have a similar broadband 

photoresponse, having high responsivity in the NIR wavelength ranges, e.g., 0.37 A/W at 940 nm. 

A narrowband photoresponse can only be realized by incorporating a thick NIR-absorbing layer 

in the photodiode-type NIR OPD through CCN effect, e.g., having a layer configuration of 

ITO/PEDOT:PSS (30 nm)/PTB7-Th:COi8DFIC:PC70BM (2700 nm)/ZnO (10 nm)/Al(100 nm). 

The narrowband NIR light detection with peak responsivity values from 0.1 to 0.25 A/W was 

obtained for the CCN-type NIR OPD operated under the reverse bias range from 0 to -2 V, as 

shown in Figure 3.3 (a). The CCN-type OPD has a narrowband photoresponse with an FWHM of 

~40 nm over the wavelength range from 900 to 1000 nm, as shown in Figure 3.3 (a). A lower 

responsivity of 0.08 A/W at 940 nm is obtained for the CCN-type OPD without bias, which is 

about 4 times lower than the responsivity of the conventional photodiode type NIR OPD (0.37 
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A/W). The CCN-type OPD had a relatively higher responsivity over the NIR wavelength range 

when it was operated under higher reverse biases, e.g., 0.2 A/W under -1.0 V, and 0.26 A/W under 

-2.0 V. It is noted that the undesired visible light detection also gradually contributed to the 

photodetection, adding in a visible light responsivity of ~0.05 A/W to the CCN-type OPD operated 

under different reverse biases of -1.0 and -2.0 V. An extended detection to the visible light by the 

CCN-type NIR OPD, operated a higher reverse bias, deteriorates its NIR band-selective detection 

capability, leading to a strong crosstalk by the photons over different wavelength ranges. 

 

Figure 3.3 (a) The responsivity spectra measured for a conventional OPD, with a 185 nm 

thick NIR-absorbing photoactive layer, operated under different biases of 0, -0.4, and -1.0 V, and 

the ones measured for a CCN-type OPD, with a 2700 nm thick photoactive layer, operated under 

different biases of 0, -1.0, and -2.0 V. (b) The responsivity spectra measured for the filter-free 

visible light blind NIR OPD operated under different biases of 0, -0.4, and -1.0 V. 

The responsivity spectra measured for the filter-free visible light blind NIR OPD under 

different biases of 0, -0.4, -1.0 V, are shown in Figure 3.3 (b). The filter-free visible light blind 

NIR OPD with a high NIR responsivity of > 0.3 A/W over the selected photodetection wavelength 

range from 750 to 1050 nm is clearly manifested. The responsivity measured for the filter-free 
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visible light blind NIR OPD with and without bias is almost identical, indicating the efficient 

charge collection in the OPD operated under short-circuit and reverse-biased conditions. The filter-

free visible light blind NIR OPD has a peak responsivity of 0.39 A/W at 850 nm and a second peak 

responsivity of 0.32 A/W at 950 nm, as shown in Figure 3.3 (b). The filter-free visible light blind 

NIR OPD has a neglectable crosstalk effect when it is operated under different biases, and has a 

much higher responsivity as compared to that of the CCN-type NIR OPD (0.08 A/W). 

Improved Spectral Rejection Ratio 

The filter-free visible light blind NIR OPD, operated under different biases of 0, -0.4, -0.8, -

1.2, -1.6, and -2.0 V, has a responsivity of > 0.3 A/W over the selected detection wavelength range 

from 750 to 1050 nm, as shown in Figure 3.4 (a). The responsivity spectrum remains unchanged 

for the OPD operated under different biases. The filter-free visible light blind NIR OPD, operated 

under different reverse biases, also has a neglectable crosstalk between the visible and NIR light 

due to the extremely low responsivity of 0.004 A/W over the visible light range. The crosstalk of 

the OPD over different spectral regions can be described using the spectral rejection ratio (SRR), 

defined as the ratio of the responsivity spectrum at the target wavelength to the one at the 

untargeted reference wavelength. The SRR can be calculated by:87 

 
𝑆𝑅𝑅(𝜆𝑡𝑎𝑟𝑔𝑒𝑡, 𝜆𝑟𝑒𝑓) =

𝑅(𝜆𝑡𝑎𝑟𝑔𝑒𝑡)

𝑅(𝜆𝑟𝑒𝑓)
 

(15) 

where λtarget is the wavelength of the light within the detection spectral range and λref is the 

wavelength of the light outside the detection spectral range. For example, the responsivity 

measured for the filter-free visible light blind NIR OPDs at 850 nm is 0.39 A/W, and that measured 

for the photodetection at 550 nm is around 4 mA/W. Thus the filter-free visible light blind NIR 

OPD has an SRR(850 nm, 550 nm) of about 100. The filter-free visible light blind NIR OPD thus 

demonstrated, has the advantage of high responsivity, bias-independent spectral detection window, 
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and negligible crosstalk over different detection spectral ranges, are the prerequisites for 

application in stable and efficient light communications. 

 

Figure 3.4 (a) The responsivity spectra measured for the filter-free visible light blind NIR 

OPD operated under different biases of 0, -0.4, -0.8, -1.2, -1.6, -2.0 V. (b) Photoresponses 

measured for the filter-free visible light blind NIR OPD using the duty cycled visible (550 nm) 

and NIR (940 nm) LED light sources with a modulation frequency of 0.1 Hz. 

The photoresponses of the filter-free visible light blind NIR OPD were analyzed using the 

duty cycled visible (550 nm) and NIR (940 nm) light-emitting diode (LED) light sources with a 

frequency of 0.1 Hz. An extremely low photocurrent of ~2×10-10 A was detected for the filter-free 

visible light blind NIR OPD in the presence of the modulated visible (550 nm) light source, and 

the light current is almost the same as its dark current. In the presence of the modulated NIR (940 

nm) LED light source having an intensity of 0.02 mW/cm2, a high photocurrent of ~2×10-7 A was 

obtained, which is three orders of magnitude higher than the one recorded for the NIR OPD 

operated in the absence of NIR light, e.g., in the dark or exposed to the modulated visible light 

(550 nm), as shown in Figure 3.4 (b). The unique visible light blind NIR detection over the 

selected band is clearly demonstrated by the filter-free visible light blind NIR OPD. 
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Improved Response Speed 

The photoresponse speed is an important characteristic evaluating the performance of the 

OPDs in different applications such as signal acquisition rate in light communications and image 

capture time in imaging processes.88,89 The f-3 dB of the OPD has been analyzed. The f-3 dB measured 

for the conventional OPD and the filter-free visible-blind OPD are shown in Figure 3.5 (a). It 

shows that the f-3 dB measured for the filter-free visible light blind NIR OPD (without bias) locates 

at around 100 kHz, and the f-3 dB of 300 kHz measured for conventional OPD as shown in Figure 

3.5 (a). It becomes clear that the filter-free visible light blind NIR OPDs demonstrated in this work 

has a state-of-art photodetection performance. The transient photoresponses of the filter-free 

visible light blind NIR OPD measured using the NIR (940 nm) LED light source with different 

modulation frequencies of 10 kHz, 50 kHz, and 100 kHz are shown in Figure 3.5 (b). The 

photoresponse gradually decreases with the increase in the modulation frequency of the NIR LED 

light source. The photoresponse speed can be analyzed using the transient photoresponse, 

measured using the NIR (940 nm) LED light source with a modulation frequency of 30 kHz, as 

shown in Figure 3.5 (c), indicating a rise time of 6.2 μs and a fall time of 7.0 μs. 

According to Equation 12, the filter-free visible light blind NIR OPD has a τtr of 6.2 μs, and 

an ftr of about 90 kHz. The calculated ftr of 90 kHz is very close to the measured f-3 dB of 100 kHz, 

as shown in Figure 3.5 (a), agreeing with the previous reports in showing that the f-3 dB in the filter-

free visible light blind NIR OPDs is dominated by carrier transit time.32,44 This is reasonable 

because an 800 nm thick PTB7-Th visible light depletion layer also serving as an HTL, was used 

in the device. 

The durability of the photoresponses, measured for the filter-free visible light blind NIR OPD 

(without bias) using a 0.1 Hz modulated NIR (940 nm) light source with an intensity of 0.02 
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mW/cm2 over a period of 60 min, is shown in Figure 3.5 (d). It shows that the filter-free visible 

light blind OPD had a stable visible light blind NIR detection capability. 

 

Figure 3.5 (a) The frequency-dependent photoresponse of the conventional OPD and filter-

free visible light blind NIR OPD. (b) The transient photoresponses measured for the filter-free 

visible light blind NIR OPD using a NIR (940 nm) light source with different frequencies of 10, 

50, and 100 kHz. (c) The response time of the filter-free visible light blind NIR OPD. (d) The 

durability of the photoresponses, measured for the filter-free visible light blind NIR OPD (without 

bias) using a 0.1 Hz modulated NIR (940 nm) light source with an intensity of 0.02 mW/cm2 over 

a period of 60 min. 

The responsivity and f-3 dB are two competing parameters for most of the filter-free visible 

light blind NIR photodetectors reported in the field. A high f-3 dB of 40 kHz measured without bias 
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and a low responsivity of 0.1 A/W were obtained for the red light-detecting OPD operated under 

a reverse bias of -1 V.57 Although a high responsivity of 1.31 A/W was obtained for the 

photomultiplication OPDs operated under -7 V, the corresponding f-3 dB of the photomultiplication 

OPD was limited to 1000 Hz.90 A similar observation was also reported for the photomultiplication 

OPD having a high responsivity of 1.06 A/W and a limited f-3 dB of 900 Hz.64 The filter-free visible 

light blind NIR OPD developed in this work has the advantages of having simultaneously high 

responsivity of 0.39 A/W at 850 nm, 0.32 A/W at 950 nm, and a high f-3 dB of 100 kHz, 

demonstrating an inspiring platform technology for use in Li-Fi and light communications.
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3.3 Spectral Tunable Detection 

To test the universality of the unique device design, the filter-free band-selective OPDs with 

a bilayer photoactive layer, prepared using different combinations of shorter-wavelength light 

depletion layer and longer-wavelength light-absorbing layer, was examined. A schematic drawing 

illustrating the optical profiles of the shorter-wavelength and longer-wavelength light in the filter-

free band-selective OPD is shown in Figure 3.6.  

 

Figure 3.6 The schematic diagram illustrating the absorption profiles of the shorter-

wavelength and longer-wavelength light in the filter-free band-selective OPD. 

By appropriate selection of the material combinations, the device allows the shorter-

wavelength light to be fully depleted by the shorter-wavelength light depletion layer. The longer-

wavelength light can pass through the depletion layer and be absorbed by the longer-wavelength 

light-absorbing layer. The shorter-wavelength photons absorbed in the depletion layer cannot 

produce the photocurrent due to recombination loss. The charge carriers generated by the longer-

wavelength photons in the longer-wavelength light-absorbing layer contribute to the photocurrent. 

The photodetection spectrum window of the filter-free tunable band OPDs, defined by the 

difference in wavelengths between the transmission cutoff of the shorter-wavelength light 

depletion layer and the absorption edge of the longer-wavelength light-absorbing layer, can then 
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be tuned over the different wavelength ranges by using an appropriate combination of the shorter-

wavelength light depletion layer and the longer-wavelength light-absorbing layer. 

 

Figure 3.7. (a) The transmission spectrum of a 430 nm thick P3HT shorter-wavelength light 

depletion layer and absorption spectrum of a 100 nm thick ternary PTB7-Th:COi8DFIC:PC70BM 

longer-wavelength light-absorbing layer. (b) The transmission spectrum of a 430 nm P3HT layer 

and absorption spectrum of an 80 nm thick PDPP3T:m-ITIC longer-wavelength light-absorbing 

layer. (c) The transmission spectrum of a 430 nm P3HT layer and absorption spectrum of a 120 

nm thick PBDB-T:m-ITIC longer-wavelength light-absorbing layer. The responsivity spectra 

measured for the filter-free band-selective OPDs (without bias), having a bilayer photoactive layer 

with different layer combinations of (d) P3HT (430 nm)/PTB7-Th:COi8DFIC:PC70BM (100 nm), 
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(e) P3HT (430 nm)/ PDPP3T:m-ITIC (80 nm), and (f) P3HT (430 nm)/PBDB-T:m-ITIC (120 nm). 

The I‒V characteristics measured in dark condition and in the presence of light (40 mW/cm2) for 

the band-selective OPDs having a bilayer photoactive layer with different layer combinations of 

(g) P3HT (430 nm)/PTB7-Th:COi8DFIC:PC70BM (100 nm), (h) P3HT (430 nm)/ PDPP3T:m-

ITIC (80 nm), and (i) P3HT (430 nm)/PBDB-T:m-ITIC (120 nm). 

The unique photoresponse properties of the filter-free band-selective OPDs were studied 

using different combinations of shorter-wavelength light depletion layers and the longer-

wavelength light-absorbing layers. For example, a bilayer P3HT (430 nm)/PTB7-

Th:COi8DFIC:PC70BM (100 nm) photoactive layer was used for producing a filter-free OPD that 

responses to the selected band over the wavelength range from 600 to 1050 nm. 

An organic stack of P3HT (430 nm)/PDPP3T:m-ITIC (80 nm) was adopted for making a 

filter-free OPD that is sensitive to the selected band over the wavelength range from 600 to 950 

nm. A bilayer P3HT (430 nm)/PBDB-T:m-ITIC (120 nm) photoactive layer was used for the filter-

free OPD responding to the selected band over the wavelength range from 600 to 800 nm. The 

filter-free tunable spectrum NIR OPDs are realized by incorporating a bilayer combination of a 

430 nm thick P3HT shorter-wavelength depletion layer and different longer-wavelength absorbing 

layers, e.g., a 100 nm thick PTB7-Th:COi8DFIC:PC70BM layer, an 80 nm thick PDPP3T:m-ITIC 

layer, and a 120 nm thick PBDB-T:m-ITIC layer. In these OPDs, the incident light with a 

wavelength of < 600 nm is fully absorbed by the 430 nm thick P3HT depletion layer, allowing the 

longer wavelength light with a wavelength of > 600 nm to penetrate and to be absorbed by the 

respective longer-wavelength light-absorbing layers. The 430 nm thick pristine P3HT layer in 

these filter-free band-selective OPDs has a dual function of a shorter-wavelength light depletion 

layer and an HTL. The corresponding detection spectral windows over different shaded spectral 
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regions are shown in Figures 3.7 (a), 3.7 (b), and 3.7 (c). The corresponding responsivity spectra 

measured for different filter-free band-selective OPDs of ITO/PEDOT:PSS (30 nm)/P3HT (430 

nm)/PTB7-Th:COi8DFIC:PC70BM (100 nm)/Al(100 nm), ITO/PEDOT:PSS (30 nm)/P3HT (430 

nm)/PDPP3T:m-ITIC (80 nm)/Al(100 nm), and ITO/PEDOT:PSS (30 nm)/P3HT (430 

nm)/PBDB-T:m-ITIC (120 nm)/Al(100 nm), operated without bias, are shown in Figures 3.7 (d), 

3.7 (e) and 3.7 (f). A high responsivity of 0.32 A/W is obtained for the ITO/PEDOT:PSS (30 

nm)/P3HT (430 nm)/PTB7-Th:COi8DFIC:PC70BM (100 nm)/Al(100 nm)-based filter-free OPD 

over the wavelength range from 600 to 1050 nm. The peak responsivity of 0.1 A/W is obtained for 

the ITO/PEDOT:PSS (30 nm)/P3HT (340 nm)/PDPP3T:m-ITIC (80 nm)/Al (100 nm)-based filter-

free OPD over the wavelength range from 600 to 950 nm. A high responsivity of 0.3 A/W is 

obtained for the ITO/PEDOT:PSS (30 nm)/P3HT (430 nm)/PBDB-T:m-ITIC (120 nm)/ZnO (10 

nm)/Al(100 nm)-based OPD over the wavelength range from 600 to 800 nm, demonstrating a 

filter-free narrowband OPD over a deep red wavelength range, as shown in Figure 3.7 (e). The 

current‒voltage (I‒V) characteristics measured in dark condition and in the presence of light with 

intensity of 40 mW/cm2 for the band-selective OPDs are shown in Figures 3.7 (g), 3.7 (h), and 

3.7 (i). The results presented in Figure 3.7 demonstrate the device design freedom for achieving 

high-performance filter-free band-selective OPDs, realized through an appropriate combination of 

the shorter-wavelength light depletion layer and the longer-wavelength light-absorbing layer 

architecture in the photoactive layer. 
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3.4 Application for Light Communication 

The filter-free band-selective OPDs with a high responsivity, an excellent SRR, and a fast 

photoresponse speed, are the prerequisite for application in Li-Fi and light communications. A set-

up, comprising a dual-channel wireless transmitter transmitting visible and NIR light signals, a 

filter-free visible light blind NIR OPD signal receiver, with a structure of ITO/PEDOT:PSS (30 

nm)/PTB7-Th (800 nm)/PTB7-Th:COi8DFIC:PC70BM (100 nm)/ZnO (10 nm)/Al(100 nm), and a 

display unit, as shown in Figure 3.8 (a), was used for demonstrating the application of light 

communications. The binary light signals transmitted by the dual-channel wireless transmitter 

were encoded by American Standard Code for Information Interchange (ASCII) using visible and 

NIR light. In the experiment, the information displaying the letter “cat” was encoded using the 

visible light, as shown in Figure 3.8 (b). The information presenting the letter “dog” was encoded 

using the NIR light, as shown in Figure 3.8 (c).  

During the light communications, the light information containing both the letter “cat” 

(visible light signal) and letter “dog” (NIR light signal) was broadcasted simultaneously by the 

dual-channel wireless transmitter. The communication using a broadband Si PD-based light signal 

receiver receives only the mixed signals of visible and NIR light information, as shown in Figure 

3.8 (d). The broadband Si PD receiver cannot recognize the information of the visible light 

encoded signal “cat” and NIR light encoded signal “dog”. It reveals evidence that the filter-free 

visible blind NIR OPD receiver can decode the NIR light encoded signal “dog” perfectly, while 

the visible light encoded information was not responded, as shown in Figure 3.8 (e). The results 

are very encouraging, demonstrating the filter-free visible light blind OPDs thus developed having 

an excellent crosstalk free band-selective capability for multi-channel light communications. 
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Figure 3.8 (a) Light communication set-up comprising a dual-channel wireless transmitter, 

an OPD light receiver and a display unit. The ASCII-encoded light information containing (b) the 

letter “cat” (visible light signal) and (c) the letter “dog” (NIR light signal). (d) The mixed signals 

of visible and NIR light formation recorded by a Si PD receiver. (e) The information 

communicated effectively by the filter-free visible light blind NIR OPD.The dual-band 

photoresponsivity in the stacked BHJ junction-based OPD.  
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Chapter 4: Spectral Tunable Response in PM-type OPDs 

4.1 PM-type OPDs  

Compared to the photoconductor- and phototransistor-type OPDs that own high responsivity, 

most of the photodiode-type OPDs exhibit limited EQE value < 100% and limited responsivity 

due to non-injecting metal-semiconductor contacts and lack of amplifying process.5 The PM-type 

OPDs that outperforms the other photodiode-type OPDs with a higher responsivity can be realized 

by introducing charge injection.91,92 The high responsivity in the PM-type OPDs origin from 

efficient tunneling injection of one-type carriers through the accumulation or trapping of the 

opposite charge carriers. Thus, the trap-assisted charge-injection process receives intense research 

intentions.93 The traps in the PM-type OPDs could be formed using the following strategies: (1) 

modifying the interface morphological properties at the organic/metal interface, where the rough 

organic/metal interface acts as a dead valley for the carriers, (2) adding colloidal quantum dots,94 

nanoparticles, and dye molecules as dopants in the photoactive layer, (3) managing oxygen 

vacancies in the ZnO films in the OPDs,15 (4) isolating small amount of acceptor or donor 

molecules in the organic heterojunction forming traps for electrons or holes.95–97 

The organic heterojunction OPD comprising P3HT:PC70BM with a weight ratio of 100:1, as 

the photoactive layer, e.g., having a structure of ITO/PEDOT:PSS/P3HT:PC70BM (100:1)/Al, has 

an efficient trap-assisted charge-injection PM-type gain.98–100 The P3HT:PC70BM/Al interface in 

the OPD allows hole injection under a reverse bias in the presence of light, which induces 

photogenerated electrons to be trapped in the PC70BM molecules. The PM-type OPD shows high 

responsivity to incident light and low dark current at the absence of light. The champion EQE of > 

100000%, accompanied with high detectivity of > 1013 Jones, has been achieved in the 

P3HT:PC70BM (100:1)-based PM-type OPDs.101 Moreover, the trap-assisted charge-injection 
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process offers a chance to manage the spectral photodetection responses in the PM-type 

OPD.62,63,102 

In this chapter, the device model, the optical properties and spectral tunable responses of the 

trap-assisted charge-injection process in the P3HT:PC70BM-based PM-type OPDs are discussed. 

The device physics is explained in section 4.2. The effect of the active layer thickness on spectral 

response in the PM-type OPDs is analyzed in section 4.3. The relationship between spectral 

responses and optical profiles in the PM-type OPDs is correlated. The understanding of the spectral 

properties of the charge-injection is a prerequisite for the development of dual-mode OPDs and is 

discussed in chapter 5. 
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4.2 Physics of Trap-assisted Charge Injection in PM-type OPDs 

The trap-assisted charge-injection PM-type OPDs comprising a structure of 

ITO/PEDOT:PSS/P3HT:PC70BM/Al have been studied. To identify the formation of electron traps 

and the effect from different donor-acceptor ratios, a set of OPDs with different P3HT:PC70BM 

ratios of 1:1, 100:10, 100:1 and 1:0, were analyzed. The thickness of the photoactive layer with 

different P3HT:PC70BM ratios was controlled to be 200 to 300 nm. The voltage-dependent EQE 

values, measured for the OPDs under three different monochromic light with a wavelength of 380, 

520, and 625 nm, are shown in Figure 4.1 (a). It is seen that the OPDs with a P3HT:PC70BM 

photoactive layer having different weight ratios of P3HT to PC70BM have different EQE responses. 

The OPD with a P3HT:PC70BM (1:1) photoactive layer, operated under a small bias, has the 

highest EQE. The EQE of the PM OPD increases with the decrease of the reverse bias, but it is 

limited to 100% for OPD even it is operated under a large reverse bias of 10 V. EQE of the OPD 

with a P3HT:PC70BM (100:0) photoactive layer is extremely low even it is operated without bias, 

due to the lack of donor/acceptor interface for exciton dissociation. The EQE of the OPD increases 

with the decrease of the bias and exceeds 100% when it is operated under around -15 V. This 

indicates the presence of charge injection in the P3HT-based OPD is prohibited, although the 

possible defect-induced charge traps can be formed at the P3HT/Al interface. The EQE of the OPD 

with a P3HT:PC70BM (10:1) photoactive layer shows a faster increase with the decrease of the 

bias over the range from 0 to -15 V. The EQE measured for the OPD operated under a reverse bias 

of -15 V is slightly over 1000%, suggesting enhanced charge injection exists in the P3HT:PC70BM 

(10:1)-based OPD. The traps can be formed by the isolation of PC70BM molecules due to a large 

ratio of P3HT to PC70BM in the photoactive layer. In the OPD comprising a P3HT:PC70BM (100:1) 

photoactive layer, a more efficient charge injection is realized, reflected by the higher EQE. The 
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EQE of the OPD exceeds 100% when it is operated under a bias of < -5 V. The EQE of the OPD 

at 380 and 625 nm approaches 10000% when the device is operated under -15 V. This confirms 

that highly efficient charge injection takes place in OPD with a P3HT:PC70BM (100:1) photoactive 

layer. The improvement in EQE of the PM-type OPD operated under different reverse biases is 

attributed to the electric-assisted hole transporting and enhanced charge injection. 

 

Figure 4.1 (a) The voltage-dependent EQE characteristics measured for the OPDs with a 

P3HT:PC70BM photoactive layer having different weight ratios of P3HT to PC70BM of 1:1, 10:1, 

100:1, and 100:0. (b) The schematic drawing shows the absence of charge injection in dark 

condition, and the presence of charge injection under light illumination from the Al electrode to 

the photoactive layer in the 100:1 P3HT:PC70BM-based OPD. 

It shows that the EQE of the above OPDs is different depending on the wavelength of the 

incident light. The P3HT:PC70BM (1:1) non-charge-injecting OPD had a higher response to the 

light with a wavelength of 520 nm than the ones to the incident of light with wavelengths of 380 

and 625 nm, while the other charge-injecting OPDs had lower responsivity to 520 nm light. The 
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responsivity to 520 nm light in the P3HT:PC70BM (100:1)-based OPD is much lower than that to 

380 and 625 nm light, while the absorption of P3HT shows strong absorption to the green light. 

This indicates that the EQE spectra of the PM-type OPDs, measured under reverse bias, are 

inverted to the absorption of the photoactive layer because the charge injection occurs at the rear 

electrode side. 

The working principle of the PM-type OPD with a P3HT:PC70BM (100:1) photoactive layer 

is shown in Figure 4.1 (b). In the dark, the charge injection from the Al cathode to the 

P3HT:PC70BM (100:1) organic layer is suppressed due to a high energy barrier at the P3HT/Al 

interface. The OPDs thus show a low dark current under different reverse biases. In the presence 

of light, the photogenerated electrons are captured by the PC70BM-induced traps in the organic 

photoactive layer. The accumulation of electrons near the vicinity of the P3HT/Al interface leads 

to a downward energy band bending forming a narrow width of the energy barrier allowing charge 

tunneling injection to take place at the P3HT/Al interface. Therefore, the holes can be effectively 

injected into the P3HT:PC70BM (100:1) organic photoactive layer through the tunneling effect,  

the hole injection increases dramatically with the reverse biases. In the presence of light, the OPD 

with a P3HT:PC70BM (100:1) photoactive layer exhibits a high photocurrent when it is operated 

under a reverse bias. The charge injection efficiency increases with the increase of the reverse bias, 

leading to a high EQE in exceeding 100%. 

To understand the formation of electron traps in the photoactive layer, the lifetime of the 

trapped electron carriers in the P3HT:PC70BM (100:1) blended layers was studied using the Photo 

charge extraction by linearly increasing voltage (photo-CELIV) measurement. The schematic 

process in the photo-CELIV measurement is illustrated in Figure 4.2 (a). In the photo-CELIV 

measurement, a short laser pulse (wavelength of 532 nm, the pulse width of 10 ns) was used to 
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create free charge carriers in an organic semiconductor layer, followed by the extraction of free 

charge carriers using a linear voltage ramp. By introducing a time delay between the laser pulse 

and the start of the voltage ramp, the amount of the extracted charges is dependent on the time 

delay, and hence the lifetime of the photo-generated charge carriers can be examined. The temporal 

distribution of the extracted charges, evaluated by measuring the photo-CELIV signals with 

different delay time, allows us to analyze the charge mobility of organic semiconductors and 

determine charge carrier lifetimes. The delay time between the laser pulse and voltage ramp in the 

photo-CELIV measurements was varied over the range from 1 to 1000 μs. The duration of the 

linearly increased voltage ramp was kept constant at 400 μs to extract the photo-generated charges. 

The photo-CELIV transients measured for the discrete OPDs with a P3HT:PC70BM photoactive 

layer having different weight ratios of P3HT to PC70BM of 1:1, 10:1, and 100:1, as a function of 

the delay time, are plotted in Figures 4.2 (b), 4.2 (c) and 4.2 (d), respectively. Based on the photo-

CELIV transients, the number of the charge carriers, termed as Q, can be calculated using the 

following equation: 

 
Q = ∫ 𝑗𝑝ℎ ∙ 𝑡 𝑑𝑡 (16) 

where jph is the transient photocurrent, and t is the time delay103,104 The density of the 

photogenerated charge carriers, defined as the ratio of Q over the volume of the active layer (area 

of the active layer  layer thickness), as a function of the delay time used in the photo-CELIV 

transients measured for the discrete OPDs, is plotted in Figure 4.2 (c). It is obvious that the lifetime 

of the trapped electrons in the blend P3HT:PC70BM (100:1) layer is the longest, indicating better 

electron trapping properties in the P3HT:PC70BM (100:1) layer.  
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Figure 4.2 (a) Schematic drawing shows the measurement mechanisms in photo-CELIV 

measurement. The photo-CELIV transients as a function of the delay time for discrete OPDs 

comprising a photoactive layer of (b) P3HT:PC70BM (1:1), (c) P3HT:PC70BM (10:1), and (d) 

P3HT:PC70BM (100:1). (e) The density of the extracted carriers as a function of delay time in the 

photo-CELIV transients evaluated for the P3HT:PC70BM-based OPDs with different 

P3HT:PC70BM ratios of 1:1, 10:1, and 100:1. 

The enhanced EQE values in the PM-type OPDs are attributed to the prolonged electron 

lifetime in the photoactive layer. The EQE values of the OPDs can be estimated according to 

 
𝐸𝑄𝐸 =

𝜒𝜏

𝑡
 

(17) 

where χ is the probability of the photogenerated electrons trapped in PC70BM, τ is the lifetime of 

the trapped electrons, and t is the hole transit time in the photoactive layer.105 It is seen that the 

EQE values are proportional to the lifetime of the trapped carriers. The EQE estimation equation 
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matches the measurement of the lifetime of trapped electrons in the P3HT:PC70BM-based OPDs 

with different P3HT:PC70BM ratios of 1:1, 10:1, and 100:1. The 100:1 P3HT:PC70BM-based OPD 

shows the longest electron lifetime and simultaneously the highest EQE values under reverse 

biases. 

 

Figure 4.3 Charge-transporting properties of the P3HT:PC70BM (100:1)- and P3HT:PTB7-

Th:PC70BM (70:30:1)-based single-carrier devices were analyzed using the space-charge-limited 

current technique. (a) J0.5−V characteristics measured for the hole-only devices: 

ITO/PEDOT:PSS/P3HT:PC70BM (100:1)/Au (blue circles) and ITO/PEDOT:PSS/P3HT:PTB7-

Th:PC70BM (70:30:1)/Au (red triangles). (b) J0.5−V characteristics measured for the electron-only 

devices: ITO/ZnO/P3HT:PC70BM (100:1)/LiF/Al (blue circles) and ITO/ZnO/P3HT:PTB7-

Th:PC70BM (70:30:1)/LiF/Al (red triangles). 

The formation of the electron traps formed also results in an unbalanced carrier mobility in 

the photoactive layer. The hole mobility (h) and electron mobility (e) of the P3HT:PC70BM 

(100:1)- and P3HT:PTB7-Th:PC70BM (70:30:1)-based single-carrier devices were analyzed using 

the space-charge-limited current (SCLC) technique. The typical J0.5−V characteristics measured 

for the hole-only devices ITO/PEDOT:PSS/P3HT:PC70BM (100:1)/Au (blue circles) and 
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ITO/PEDOT:PSS/P3HT:PTB7-Th:PC70BM (70:30:1)/Au (red triangles) are shown in Figure 4.3 

(a). The current density−voltage (J0.5−V) characteristics measured for the electron-only devices 

ITO/ZnO/P3HT:PC70BM (100:1)/LiF/Al (blue circles) and ITO/ZnO/P3HT:PTB7-Th:PC70BM 

(70:30:1)/LiF/Al (red triangles) are plotted in Figure 4.3 (b). The h obtained using the hole-only 

devices of ITO/PEDOT:PSS/P3HT:PC70BM (100:1)/Au and ITO/PEDOT:PSS/P3HT:PTB7-

Th:PC70BM (70:30:1)/Au is in the order of 10-5 cm2/Vs, which is much higher than e obtained 

for the electron-only devices of ITO/ZnO/P3HT:PC70BM (100:1)/LiF/Al and 

ITO/ZnO/P3HT:PTB7-Th:PC70BM (70:30:1)/LiF/Al (10-10 cm2/Vs). The hole mobility and 

electron mobility obtained for the P3HT:PC70BM (100:1) blend layer agree well with the results 

published in the previous report.106 The charge-transporting mobility measurement confirms the 

electron trapping nature of the binary blend P3HT:PC70BM (100:1) and ternary blend 

P3HT:PTB7-Th:PC70BM (70:30:1) organic photoactive layers in the PM-type OPDs. 
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4.3 Spectral Tunable Responses 

The spectral tunable response behaviors of an OPD with a binary blend P3HT:PC70BM layer, 

having a structure of ITO/poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-

fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br)/P3HT:PC70BM (100:1)/Al, operated 

under a reverse bias and a forward bias were analyzed. The OPD with a 300 nm thick 

P3HT:PC70BM (100:1) active layer has an EQE of 700%, operated under a reverse bias of -6 V, 

and an EQE of 3600% was obtained for the PM-type OPD operated under a forward bias of 6 V, 

as shown in Figures 4.4 (a) and 4.4 (b). Different EQE spectra were observed for the OPDs 

operated under different forward and reverse biases. Under a reverse bias, the EQE of the OPD 

has two separate response peaks, where one response peak is near the short-wavelength of 380 nm 

and the other is located near the long-wavelength (620 nm), as shown in Figure 4.4 (a). Under a 

forward bias, however, the OPD has a broadband response over the wavelength range from 300 

nm to 650 nm, as shown in Figure 4.4 (b). Such a bias polarity dependent spectral tunable response 

of the PM-type OPD is closely associated with the difference in the wavelength-dependent light 

absorption profile in the OPD. 

The profile of the wavelength-dependent light absorption in the 300 nm thick P3HT:PC70BM 

(100:1)-based PM-type OPD is shown in Figure 4.4 (c). It reveals clearly that the incidence of 

light with a broad wavelength range from 300 to 650 nm is absorbed near the vicinity of the 

anode/organic side. While relatively stronger absorption over the shorter wavelength and longer 

wavelength ranges, appear near the organic/cathode interface in the PM-type OPD. The inset in 

Figure 4.4 (a) illustrates the existence of the band bending, induced by the accumulation of the 

photo-generated electrons, due to the absorption of the shorter and longer wavelength photons near 

the vicinity of the organic/cathode interface. Therefore, the tunneling hole injection process occurs 
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at the organic/cathode interface in OPD when it is operated under a reverse bias. The inset in 

Figure 4.4 (b) illustrates the presence of the band bending near the vicinity of the anode/organic 

interface, induced by the accumulation of the photo-generated electrons due to the absorption of 

the broadband photons. This leads to the tunneling hole injection process to take place at the 

anode/organic interface in OPD when it is operated under a forward bias. The analysis made with 

the depth profile of the optical absorption distribution in Figure 4.4 (c) agrees well with EQE 

spectra measured for the PM-type OPD at the reverse and forward biases, as shown in Figures 4.4 

(a) and 4.4 (b). 

 

Figure 4.4 EQE spectra measured for the PM-type OPD at (a) a reverse bias of -6 V and (b) 

a forward bias of 6 V, (c) distribution of photo-generated electrons in a 300 nm thick 

P3HT:PC70BM (100:1)-based OPD. The inset in (a) illustrates the existence of the band bending 

and tunneling hole injection process at the organic/cathode interface in OPD operated under a 
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reverse bias. The inset in (b) illustrates the presence of the band bending and tunneling hole 

injection process at the anode/organic interface in OPD operated under a forward bias. 

 

Figure 4.5 The responsivity spectra measured for the OPDs comprising P3HT:PC70BM 

photoactive layers with different thicknesses and biases: (a) thickness of 365 nm under different 

forward biases, (b) thickness of 365 nm under reverse biases, (c) thickness of 475 nm under 

different forward biases, (d) thickness of 475 nm under reverse biases, (e) thickness of 585 nm 

under different forward biases, (f) thickness of 585 nm under reverse biases. 

The spectral tunable responses of the OPDs, comprising a structure of ITO/PFN-

Br/P3HT:PC70BM (100:1)/Al, with different thicknesses of P3HT:PC70BM photoactive layer were 

analyzed. The responsivity spectra measured for an OPD comprising 365 nm P3HT:PC70BM is 

shown in Figure 4.5 (a) and 4.5 (b). The responsivity spectra measured for the OPD operated 

under a forward bias have a broadband feature, while the one measured for the OPD operated 

under the reverse bias has two peaks in the responsivity spectra, one locates at the short-wavelength 
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and the other is located at a long-wavelength range. This is because the charge injection takes place 

at the anode/P3HT:PC70BM interface when the OPD is operated under the forward bias. The 

broadband light absorption over the wavelength range from 300 to 700 nm inside the OPD when 

it is operated under a forward bias. The spectral tunable responsivity measured for the OPDs 

having a P3HT:PC70BM layer with a thickness of 475 nm is shown in Figures 4.5 (c) and 4.5 (d). 

The responsivity measured under different reverse and forward biased for the OPDs having a 

P3HT:PC70BM layer with a thickness of 585 nm is shown in Figures 4.5 (e) and 4.5 (f). The 

responsivity of the OPDs decrease with the increase of the photoactive layer thickness in the OPDs 

operated under the same bias. 

The spectral responsivity measured for the discrete OPDs at 15 and -15 V are normalized for 

analyzing the changes in the shapes of responsivity spectra as the thickness of the P3HT:PC70BM 

photoactive layer increases from 365 to 585 nm, as shown in Figure 4.6 (a) and 4.6 (b). It shows 

that the forward-biased responsivity OPDs with different P3HT:PC70BM layer thickness exhibit 

higher responsivity in the longer-wavelength and shorter-wavelength region, and slightly lower 

responsivity in the medium-wavelength range, as Figure 4.6 (a) shows. The responsivity in the 

medium-wavelength and longer-wavelength range reduces compared to the shorter-wavelength 

responsivity as the thickness of the P3HT:PC70BM layer increases. The responsivity spectra 

measured for the OPDs under reversed biases have two peaks, locating at the shorter-wavelength 

and longer-wavelength regions, as shown in Figure 4.6 (b). The OPDs comprising a 

P3HT:PC70BM layer of 365 nm shows a very weak response to the medium-wavelength light, 

while almost no response to medium-wavelength light is observed in the OPDs comprising a 

P3HT:PC70BM layer with a thickness of 475 and 585 nm. The longer-wavelength responsivity 

peak slightly red-shifts, and the relative shorter-wavelength responsivity decreases as compared to 



 

66 
 

longer-wavelength responsivity, as the thickness of the photoactive layer increases. The PM-type 

OPD having a 585 nm P3HT:PC70BM photoactive layer shows highly narrowband responsivity to 

the longer-wavelength red light at around 630 nm. 

 

Figure 4.6 The normalized responsivity spectra measured for the OPDs comprising a 

photoactive layer with different thickness under biases of (a) forward bias of 15 V, (b) reverse bias 

of -15 V. The normalized responsivity spectra measured for the OPDs consisting a 585 nm 

P3HT:PC70BM layer under biases of (c) different forward biases of 5, 10, 15, and 20 V, (d) 

different reverse biases of -5, -10, -15, and -20 V. 

The normalized spectra under different forward and reverse biases are plotted for the OPD 

with a 585 nm P3HT:PC70BM photoactive layer, as plotted in Figure 4.6 (c) and 4.6 (d). The 

spectral shapes of responsivity under different forward biases are identical in the shorter-
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wavelength and longer-wavelength regions, but the responsivity in the medium-wavelength region 

up-shifts as the bias increases. The FWHM estimated for the broadband responsivity of the 

forward-biased OPD is around 310 nm, as Figure 4.6 (c) displays. The responsivity spectra 

measured for the OPD under different reverse biases are almost identical, as shown in Figure 4.6 

(d). The FWHM of narrowband responsivity in the red-light range of the reverse-biased OPD is 

estimated to be around 28 nm. 

A similar electrically switchable spectral tunable response is also observed in a PM-type OPD 

with a ternary blend P3HT:PTB7-Th:PC70BM single active layer, having a weight ratio of P3HT 

to PTB7-Th to PC70BM of 70:30:1, operated under the reverse and forward biases. The ITO/PFN-

Br/P3HT:PTB7-Th:PC70BM (70:30:1)/Al-configurated OPD with a 2.0 μm thick photoactive layer 

was fabricated. The spectral EQE measured for the OPD under the reverse bias of -50 V and 

forward bias of 50 V are shown in Figures 4.7 (a) and 4.7 (b). The P3HT:PTB7-Th:PC70BM 

(70:30:1)-based OPD shows visible light-blind NIR narrowband response under reverse bias and 

visible-to-NIR response broadband response under a forward bias. The difference in spectral 

shapes of the EQE spectra is attributed to the different profiles of optical absorption at the anode 

and cathode sides. The light absorption at the Al cathode side is contributed by NIR light, while 

visible light is not absorbed in the cathode side, as shown in Figure 4.7 (c). Thus the P3HT:PTB7-

Th:PC70BM (70:30:1)-based PM-type OPD shows visible light-blind NIR narrowband response, 

which is realized by charge injection from the Al cathode to the organic blended layer under 

reverse bias and the presence of NIR light. The light absorption at the anode side ranges from 300 

to 800 nm, as shown in Figure 4.7 (c). Therefore, the visible-to-NIR broadband response was 

observed, achieved by the charge injection from ITO/PFN-Br anode to the organic photoactive 

layer under forward bias and the presence of visible light. 
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Figure 4.7 Bias polarity dependent spectral responses of a P3HT:PTB7-Th:PC70BM 

(70:30:1)-based PM OPD. EQE spectra measured for the PM OPD at (a) a reverse bias of -50 V 

and (b) a forward bias of 50 V, (c) distribution of photo-generated electrons in a 2000 nm thick 

P3HT:PTB7-Th:PC70BM (70:30:1)-based PM OPD. The inset in (a) illustrates the existence of the 

band bending and tunneling hole injection process at the organic/cathode interface in OPD 

operated under reverse bias. The inset in (b) illustrates the presence of the band bending and 

tunneling hole injection process at the anode/organic interface in OPD operated under forward bias. 

The responsivity measured under different forward biases (30, 40, 50 V) and reverse biases 

(-50, -60, -70 V) for the P3HT:PTB7-Th:PC70BM-based OPD is shown in Figure 4.8 (a) and 4.8 

(b). The OPD shows broadband responsivity from 350 to 800 nm under forward biases, as shown 

in Figure 4.8 (a). The responsivity increases dramatically from ~5 to ~15 A/W as the bias increases 

from 30 to 50 V. The OPD responsivity over the spectral range from 380 to 760 nm is greater than 



 

69 
 

12 A/W under forward bias of 50 V. A narrowband responsivity in the NIR light range is observed 

in the reverse-biased OPD, with a peak at around 780 nm, as shown in Figure 4.8 (b). The peak 

NIR responsivity increases from ~10 to ~25 A/W when the reverse bias varies from -50 to -70 V. 

 

Figure 4.8 Bias polarity dependent responsivity measured for the P3HT:PTB7-Th:PC70BM 

(70:30:1)-based PM-type OPD under (a) different forward biases of 30, 40, 50 V, and (b) different 

reverse biases of -50, -60, -70 V. 

The photodetection characteristics of different electrically switchable spectral tunable PM-

type OPDs are summarized in Table 1. The OPD having a 585 nm thick P3HT:PC70BM 

photoactive layer shows a higher EQE as compared to the PM-type OPDs having P3HT:PC60BM 

layer with thickness of 4000 nm and 7000 nm.62 The OPD having a thick ternary BHJ layer of 

P3HT:PTB7-Th:PC60BM or P3HT:PTB7-Th:PC70BM shows narrowband photoresponse near the 

wavelength of 800 nm when it was operated the under reverse bias, and broadband responsivity 

over the spectral range from 350 to 800 nm was observed for the OPD when it was operated under 

the forward bias.63 The P3HT:PTB7-Th:PC70BM (2000 nm)-based OPD shows a higher EQE and 

a similar FWHM of the response spectrum as compared to that of the P3HT:PTB7-Th:PC60BM 
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(3000 nm)-based OPDs. OPDs developed in this work exhibit a high EQE and an excellent tunable 

photoresponse as compared to the results reported in the literatures. 

Table 1. Summarized photodetection characteristics of different electrically switchable 

spectral tunable PM-type OPDs operated under reverse and forward biases. 

Active layer 

Spectral range 

(nm) 

Bias 

(V) 

EQE 

(%) 

FWHM 

(nm) 

Ref. 

P3HT:PC60BM 

(100:1, 4000 nm) 

300-700 60 23500 33 

62 

650-700 -60 3430 25 

P3HT:PC60BM 

(100:1, 7000 nm) 

300-700 60 2640 32 

650-700 -60 450 36 

P3HT:PTB7-Th:PC60BM 

(60:40:1, 3000 nm) 

350-800 50 600 450 

63 

750-850 -50 210 40 

P3HT:PC70BM 

(100:1, 585 nm) 

300-650 21 26500 310 

This 

work 

600-650 -21 850 28 

P3HT:PTB7-Th:PC70BM 

(60:40:1, 2000 nm) 

350-800 50 6400 ~400 

650-850 -60 2500 40~50 
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The different spectral tunable photoresponse observed in the trap-assisted charge-injection 

PM-type OPDs inspire us to develop electrically switchable dual-mode OPDs with spectral 

selective responses in different wavelength ranges. The central idea is to manage the optical profile 

in the OPD to create light different absorption in the anode and cathode sides, e.g., NIR light 

absorption in cathode side and visible light absorption in anode side. The dual-mode OPDs having 

a feature of NIR light photodetection capability at reverse bias and visible light photoresponse at 

forward bias will be discussed in chapter 5.  
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Chapter 5: NIR and Visible Light Dual-mode OPDs 

Realizing electrically switchable spectral tunable OPDs with high responsivity and detectivity 

in two distinct bands, particularly over the spectral range from NIR and visible light, is very 

attractive for a plethora of applications in bioimaging process, multi-channel optical 

communication, artificial vision.107 However, the reports on electrically switchable spectral 

tunable OPDs are rather rare, while most of the spectral tunable OPDs relies on mechanically 

exposing the device to the incident light from different directions. For example, a UV OPD with a 

distinguishable difference in the peaks of spectral responses located at 365 and 330 nm was 

observed when its transparent indium tin oxide (ITO) anode and the semitransparent cathode of Al 

(15 nm)/Ag (100 nm) were exposed to the incident light due to the respective absorption properties 

of the donor and acceptor organic semiconductors in the planar donor/acceptor heterojunction 

layer.16 Different spectral responses, e.g., exhibiting broadband response and narrowband 

characteristics due to the CCN effect, were also observed in a thick perovskite PD when its top 

side or bottom side was exposed to the incident light.108 Electrically switchable spectral tunable 

OPDs that can be operated without flipping the PDs are of practical interest.89,109,110 

The spectral tunable responses in the PM-type OPDs can be controlled by adjusting the 

charge-injection properties via carrier tunneling effect at the anode/organic and organic/cathode 

interfaces, as we discussed in chapter 4. These OPDs having different spectral tunable responses, 

tuning from the narrowband to broadband in the well-defined spectral ranges, were obtained by 

modulating the external electrical bias. The dual-mode OPDs with a unique spectral tunable 

photodetection capability, particularly over the NIR and visible light wavelength ranges, that can 

be operated by adjusting the polarity of the biases are still an open challenge. 



 

73 
 

In this chapter, we report our effort to develop highly sensitive NIR and visible light dual-

mode OPDs. A high-performing dual-mode OPD with a unique feature of high NIR light response 

operated under a reverse bias, and visible light response operated under a forward bias, has been 

demonstrated. The device designs will be explained in section 5.1. The mechanisms of the dual-

mode photodetection are then proposed in section 5.2. The photodetection performances of the 

dual-mode OPD are characterized in section 5.3. 

5.1 Novel Design of Dual-mode OPDs 

The dual-mode OPD with a layer configuration comprising ITO/PFN-Br/P3HT:PC70BM 

(100:1) (visible light-absorbing layer)/P3HT (optical spacer)/P3HT:PTB7-Th:PC70BM (70:30:1) 

(NIR light-absorbing layer)/Al has been designed. The cross-sectional view of a dual-mode OPD 

with a trilayer configuration active layer of P3HT:PC70BM (100:1) (300 nm) visible light 

absorber/P3HT (320 nm) optical spacer/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm) NIR light 

absorber is shown in Figure 5.1 (a).  

The fabrication process of the dual-mode OPD is given as below. The binary P3HT:PC70BM 

solution was formulated by dissolving the P3HT:PC70BM mixture, with a weight ratio of P3HT to 

PC70BM of 100:1, in 1,2-dichlorobenzene. The ternary P3HT:PTB7-Th:PC70BM solution was 

formulated by dissolving the P3HT:PTB7-Th:PC70BM mixture in a weight ratio of P3HT to PTB7-

Th to PC70BM of 70:30:1 in 1,2-dichlorobenzene. The wet-cleaned pre-patterned ITO/glass 

substrates were subjected to the UV-ozone treatment for 15 min before loading into the glove box, 

with O2 and H2O levels < 0.1 parts per million, for device fabrication. The ITO surface was 

modified by an ultrathin PFN-Br layer, prepared by spin coating at a rotation speed of 3000 rpm 

for 50 s followed by annealing at 90 OC for 10 min. Then, a 300-nm-thick binary blend layer of 

P3HT:PC70BM (100:1) was deposited on the PFN-Br-modified ITO/glass substrates by spin 
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coating at a rotation speed of 400 rpm for 100 s and annealing at 80 OC for 20 s. A 320-nm-thick 

pristine P3HT optical spacer and a 500-nm-thick ternary blend layer of P3HT:PTB7-Th:PC70BM 

(70:30:1) were first coated on the precleaned Si wafers, respectively. A 320-nm-thick pristine 

P3HT optical spacer was then transferred onto the surface of the binary blend P3HT:PC70BM 

(100:1) visible light–absorbing layer by lamination transfer using a PDMS mold, forming a bilayer 

P3HT:PC70BM (100:1) (300 nm)/P3HT (320 nm) structure. A 500-nm-thick P3HT:PTB7-

Th:PC70BM (70:30:1) NIR light-absorbing layer was then overlaid on the surface of the bilayer 

P3HT:PC70BM (100:1) (300 nm)/P3HT (320 nm) structure using the same lamination transfer 

process, forming a trilayer configuration active layer of P3HT:PC70BM (100:1) (300 nm)/P3HT 

(320 nm)/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm) on the PFN-Br-modified ITO/glass 

substrate. The multilayer samples were then transferred to the adjacent vacuum chamber, with a 

base pressure of 5×10−4 Pa for deposition of a 100-nm-thick Al electrode. The OPD has an active 

area of 2.0 mm by 2.0 mm, defined by the overlapping area between the front ITO anode and the 

upper Al cathode. 

The miscible PC70BM molecules distributed in the binary blend P3HT:PC70BM (100:1) 

visible light-absorbing layer and ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) NIR light-

absorbing layer act as the electron traps in the tri-layer PM-type OPD. The normalized absorption 

spectra, measured for a 300 nm thick binary blend P3HT:PC70BM (100:1) layer, a 320 nm thick 

pristine P3HT layer and a 500 nm thick ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) layer are 

plotted in Figure 5.1 (b). Compared to the absorption spectra measured for the pristine P3HT and 

binary blend P3HT:PC70BM (100:1) layers, it is clear that the ternary blend P3HT:PTB7-

Th:PC70BM (70:30:1) film has an extended absorption in the NIR light over the wavelength range 

from 650 nm to 800 nm. The light absorption of pristine P3HT, binary blend P3HT:PC70BM (100:1) 
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and ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) layers in the device were calculated and 

shown in Figure 5.1 (c). It reveals that the visible light with a wavelength of 350-650 nm is mainly 

absorbed by the P3HT:PC70BM (100:1) layer and the P3HT layer, while the light with a 

wavelength of 650 to 800 nm is absorbed by the P3HT:PTB7-Th:PC70BM (70:30:1) layer. The 

schematic energy level diagram of the corresponding functional materials used in the dual-mode 

OPDs is shown in Figure 5.1 (d). 

 

Figure 5.1 (a) Schematic diagram illustrating the cross-sectional view of the OPD, having a 

layer configuration comprising ITO/PFN-Br/P3HT:PC70BM (300 nm)/P3HT (320 

nm)/P3HT:PTB7-Th:PC70BM (500 nm)/Al. (b) Normalized absorption spectra measured for a 

binary blend P3HT:PC70BM (100:1) layer, a pristine P3HT layer, and a ternary blend P3HT:PTB7-

Th:PC70BM (70:30:1) layer. (c) The absorption spectra calculated for 300-nm-thick binary blend 

P3HT:PC70BM (100:1), 320-nm-thick pristine P3HT, and 500-nm-thick ternary blend 
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P3HT:PTB7-Th:PC70BM (70:30:1) layers. (d) Schematic energy level diagram of the functional 

materials used in the dual-mode OPDs. 

 

Figure 5.2 (a) Simulated optical field distribution and (b) the normalized photo-generated 

electron distribution across the 300 nm thick binary blend P3HT:PC70BM (100:1) visible light-

absorbing layer, 320 nm thick pristine P3HT optical spacer layer and 500 nm thick ternary blend 

P3HT:PTB7-Th:PC70BM (70:30:1) NIR light-absorbing layer in the dual-mode OPD. (c) Optical 

field distribution, (d) profile of the photo-generated charge carriers calculated for the dual-mode 

OPD at two different wavelengths of 460 and 770 nm. 

The optical field distribution and profile of charge generation distribution in the dual-mode 

OPD, with a layer configuration comprising ITO/PFN-Br/P3HT:PC70BM (100:1) (300 nm)/P3HT 

(320 nm)/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm)/Al (100 nm), was calculated using the 
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optical admittance analysis. The optical field distribution across the binary blend P3HT:PC70BM 

(100:1) (300 nm) visible light-absorbing layer, pristine P3HT (320 nm) optical spacer and ternary 

blend P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm) NIR light-absorbing layer in the dual-mode 

OPD as a function of the wavelength is shown in Figure 5.2 (a), revealing the profile of the 

wavelength-dependent light intensity in the OPD. Figure 5.2 (a) reveals clearly that the incident 

light with wavelength > 650 nm can only be absorbed in the 500 nm thick ternary blend 

P3HT:PTB7-Th:PC70BM (70:30:1) layer in the OPD. The normalized distribution of the photo-

generated charge carriers across the P3HT:PC70BM (100:1) visible light-absorbing layer, pristine 

P3HT optical spacer, and P3HT:PTB7-Th:PC70BM (70:30:1) NIR light absorbing layer as a 

function of the wavelength is shown in Figure 5.2 (b). It becomes clear that the incident light with 

wavelengths shorter than 650 nm is mainly absorbed by the 300 nm thick binary blend 

P3HT:PC70BM (100:1) layer. The 320 nm thick pristine P3HT layer acts as an optical spacer to 

deplete the visible light that is not fully absorbed by the binary blend P3HT:PC70BM (100:1) layer, 

allowing the longer-wavelength light to reach the ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) 

layer. The optical field distribution, profile of the photo-generated charge carriers calculated for 

the OPD at two different wavelengths of 460 and 770 nm are plotted in Figures 5.2 (c) and 5.2 

(d). The photo charge carriers generated by the 460 nm light are mainly retained within the 300 

nm thick binary blend P3HT:PC70BM (100:1) visible light-absorbing layer. The shorter-

wavelength light (460 nm) is fully depleted by the 320 nm thick pristine P3HT optical spacer layer. 

The simulation results show that the NIR light, e.g., with a wavelength of 770 nm, penetrates 

through the binary blend P3HT:PC70BM (100:1) visible light-absorbing layer and P3HT optical 

spacer to generate the photo charge carriers in the 500 nm thick ternary blend P3HT:PTB7-

Th:PC70BM (70:30:1) NIR light-absorbing layer. 
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5.2 Principles of Dual-mode Photodetection 

The distinct electrically switchable dual-mode NIR light and visible light detection 

phenomena of the OPD operated under the reverse and forward biases are attributed to different 

tunneling hole-injection behaviors. The tunneling hole injection occurs at the organic/cathode 

interface in the dual-mode OPD operated under a reverse bias, due to the band bending that is 

induced by the high density of NIR light-generated electrons, as shown in Figure 5.3 (a). Under a 

reverse bias, however, the electron injection at the PFN-Br-modified ITO/P3HT:PC70BM (100:1) 

interface is suppressed due to the presence of a large energy barrier. In the presence of the visible 

light, no photo-generated electrons can be trapped by the PC70BM molecules in the NIR absorbing 

layer. Hence, no photocurrent is generated in the dual-mode OPD, as illustrated in Figure 5.3 (b). 

This is because the visible light is absorbed only in the binary blend P3HT:PC70BM (100:1) visible 

light-absorbing layer and is fully depleted by the P3HT optical spacer, as depicted in Figure 5.3 

(b), leading to the formation of the trapped photogenerated electrons at the PFN-Br-modified 

ITO/P3HT:PC70BM (100:1) interface. Therefore, the dual-mode OPD responds only to the NIR 

light functioning as a NIR light OPD when it is operated under a reverse bias. 



 

79 
 

 

Figure 5.3 Schematic diagrams illustrating the working principles of the dual-mode OPD 

operated under a reverse bias (in the NIR light detection mode): (a) producing a photocurrent in 

the presence of the NIR light as a result of the efficient tunneling hole injection, enabled by the 

accumulation of the trapped photogenerated electrons at the P3HT:PTB7-Th:PC70BM 

(70:30:1)/Al interface, (b) without generating photocurrent in the presence of the visible light due 

to the absence of the hole injection at the P3HT:PTB7-Th:PC70BM (70:30:1)/Al interface. The 

OPD operated under a forward bias (in the visible light detection mode): (c) without generating 

photocurrent due to a large hole injection barrier at the anode/P3HT:PC70BM (100:1) interface in 

the presence of NIR light, and (d) generating a photocurrent due to the enhanced tunneling hole 
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injection, enabled by the accumulation of the photogenerated electrons at the 

anode/P3HT:PC70BM (100:1) interface in the presence of the visible light. 

Under a forward bias, the hole injection behavior in the dual-mode OPD is very different as 

compared to the OPD that is operated under a reverse bias in the presence of the NIR light, as 

illustrated in Figure 5.3 (c). Under a forward bias, the electron injection at the P3HT:PTB7-

Th:PC70BM (70:30:1)/Al interface is suppressed due to the existence of a large interfacial energy 

barrier. The hole injection at the PFN-Br-modified ITO/P3HT:PC70BM (100:1) interface is 

suppressed due to the high interfacial energy barrier. In the presence of the visible light, the 

tunneling hole injection takes place at the PFN-Br-modified ITO/P3HT:PC70BM (100:1) interface 

in the dual-mode OPD at a forward bias, due to the band bending that is caused by the high density 

of visible light-generated electrons, as shown in Figure 5.3 (d). As such, the dual-mode OPD, only 

responds to the visible light serving as a visible light OPD operated under a forward bias. 
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5.3 Performances of Dual-mode OPDs 

To understand the unique spectral tunable responses of the tri-layer PM-type OPD, the 

distinct dual-mode NIR light and visible light detection phenomena of the OPD operated under the 

reverse and forward biases are analyzed. The I‒V characteristics of the dual-mode OPD in the 

presence of NIR light (770 nm), measured by scanning from -35 to 15 V, are plotted in Figure 5.4 

(a). I‒V characteristics of the dual-mode OPD in the visible light (460 nm), measured by scanning 

from 15 to -35 V are plotted in Figure 5.4 (b). In Figure 5.4 (a), a significant photocurrent was 

obtained for the reverse-biased OPD in the presence of the NIR light. The photocurrent density of 

the OPD increases with reverse bias. The electrically switchable spectral response OPD remained 

an almost constant current density when it was operated under different forward biases (in the 

visible light detection mode) in the presence of the NIR light. In the presence of the visible light, 

the strong photo-responses were observed for the OPD operated under the different forward biases, 

remaining a similar low current density when the OPD was at different reverse biases (in the NIR 

light detection mode), as shown in Figure 5.4 (b). The dual-mode OPD with a unique feature of 

high NIR light response operated under a reverse bias, and visible light response, operated under 

a forward bias, is demonstrated. 

The responsivity measured for the dual-mode OPD operated under the NIR light mode (at 

different reverse biases) and visible light mode (at different forward biases) are shown in Figure 

5.4 (c). It can be seen that the dual-mode OPD has different spectral responses when it is operated 

under the forward and reverse biases. The dual-mode OPD responds over the wavelength range 

from 310 to 650 nm when it is operated under a forward bias. The dual-mode OPD responds 

primarily over the wavelength range from 630 to 800 nm, operated under a reverse bias. Benefiting 

from the PM effect, a responsivity of 8.66 A/W was realized for the NIR mode of the OPD operated 
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under -40 V. A peak responsivity of 7.47 A/W was obtained for the dual-mode OPD in the presence 

of the visible light, operated under a forward bias of 15 V. 

The D* of the dual-mode OPD was also analyzed, which is closely associated with EQE and 

noise current. In the PM-type OPD, the noise current is dependent on the shot noise and thermal 

noise.102 The performance repeatability of the dual-mode OPD was evaluated by repeating the I-V 

characteristic measurements continuously for more than seven times, and the average of the 

measured results is plotted in Figure 5.4 (d), indicating good repeatability and stability of the I-V 

characteristics. The Idark of the dual-mode OPD is 7.39×10-8 A at 10 V, corresponding to an ishot of 

about 1.54×10-13 A/Hz0.5. The impedance spectrum measured for the OPD is plotted in Figure 5.4 

(e), revealing the dual-mode OPD having a shunt resistance of 23.4 megohms measured at 10 V. 

At room temperature, e.g., T = 298 K, the thermal noise of the OPD is 2.65×10-14 A/Hz0.5. The 

shot noise is about six times higher than the thermal noise. Therefore, the shot noise is used to 

calculate for D* as an approximation using the shot noise. 

The D* as a function of the wavelength obtained for the dual-mode OPD in the NIR and 

visible light detection modes operated under the different reverse and forward biases are plotted 

in Figure 5.4 (f). The dual-mode OPD with a high D* of ~1013 Jones was obtained in the presence 

of the NIR and visible light, revealing the dual-mode OPD with comparable high performance for 

both NIR and visible light detection. D* of the dual-mode OPD in the NIR light detection mode 

increases with the decrease in the reverse bias from -35 to -40 V, and that for the dual-mode OPD 

in the visible light detection mode increases with forward bias from 12 to 15 V, realized by the 

markedly enhanced photocurrent and low dark current in the dual-mode OPD. 
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Figure 5.4 I−V characteristics measured for the dual-mode OPD in the presence of (a) NIR 

light (770 nm) and (b) visible light (460 nm) sources. (c) Responsivity spectra measured for the 

dual-mode OPD in the NIR light detection mode, operated under two different reverse biases of -

35 and -40 V, and in the visible light detection mode, operated under two different forward biases 

of 12 V and 15 V. (d) I−V characteristics measured for the OPD in the absence of light, averaged 

from > seven measurements. (e) Impedance spectrum of the OPD revealing a shunt resistant of 

23.4 M, measured at 10 V. (f) D* of the dual-mode OPD operating in the NIR and visible light 

detection modes. 
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Table 2. Summarized photodetection characteristics. The maximum EQE and detectivity 

measured for the dual-mode OPD using a short wavelength (376 nm) and a long wavelength (654 

nm) light sources, operated under different forward and reverse biases. 

Light 

sources 

Bias 

(V) 

Dark current 

(×10-7 A) 

Responsivity 

 (A/W) 

EQE 

(%) 

D* 

(×1012 Jones) 

376 nm 9 0.67 1.31 432 1.79 

12 0.88 3.53 1163 4.20 

15 1.08 7.47 2465 8.03 

18 1.33 14.44 4767 14.01 

654 nm -30 1.07 3.65 692 3.94 

-35 1.33 5.48 1040 5.32 

-40 1.61 8.66 1643 7.64 

-45 2.16 12.94 2454 9.85 

 

A summary of the dark current, responsivity, EQE, and D*, measured for the dual-mode OPD 

operated under the different reverse and forward biases, using a short wavelength (376 nm) and a 

long wavelength (654 nm) light sources, are listed in Table 2. A high responsivity of 14.44 A/W, 

EQE of 4767%, and a high D* of 1.40×1013 Jones were obtained for the dual-mode OPD in the 

presence of short wavelength, e.g., measured for the OPD operated under a forward bias of 18 V 

using a 376 nm light source. A responsivity of 12.94 A/W, EQE of 2454%, and a D* of 9.85×

1012 Jones were obtained for the dual-mode OPD, operated under a reverse bias of -45 V, in the 
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presence of longer-wavelength light. The locations of the peak responses measured for the dual-

mode OPD in the NIR mode and visible light mode are associated with the charge injecting process 

in the OPDs, and do not overlap with the locations of the peak absorptions measured for the 

discrete binary blend P3HT:PC70BM (100:1) layer and ternary blend P3HT:PTB7-Th:PC70BM 

(70:30:1) layer. 

 

Figure 5.5 LDR characteristics measured for the dual-mode OPD operated in the presence of 

(a) NIR light (770 nm) and (b) visible light (460 nm) sources at the different reverse and forward 

biases. 

The LDR of the dual-mode OPD in the presence of the NIR and visible light was analyzed. 

LDR characteristics measured for the dual-mode OPD in the NIR light detection mode, e.g., 

operated under different reverse biases of -20, -25 and -30 V, using a NIR LED light (770 nm) 

source over the NIR light intensity range from 10-9 to 10-1 W/cm2, are plotted in Figure 5.5 (a). 

An LDR of 120 dB was obtained for the dual-mode OPD operated in the NIR light detection mode. 

The photocurrent of the OPD deviates from the linear light intensity dependence when the NIR 

light intensity was below 10-8 W/cm2. The LDR characteristics of the dual-mode OPD operated 

under different forward biases of 9, 12, and 15 V, measured using a visible LED light (460 nm) 
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source over the visible light intensity range from 10-7 to 10-1 W/cm2, are plotted in Figure 5.5 (b). 

The dual-mode OPD had an LDR of 92 dB and departed from the linear light intensity dependence 

when the intensity of the visible light was below 10-6 W/cm2. The results reveal that the relative 

stable LDR of 120 dB in the presence of NIR light and an LDR of 92 dB in the presence of the 

visible light was obtained for the dual-mode OPD operated in the NIR and visible light detection 

modes. 

 

Figure 5.6 Time-dependent photo-responses measured for a dual-mode OPD under in the 

presence of the NIR light (770 nm) and visible light (460 nm) sources operated under (a) reverse 

bias of -35V, and (b) forward bias of 15 V. 

Time-dependent photoresponses of the dual-mode OPD measured in the presence of the NIR 

light (770 nm) and visible light (460 nm) sources are shown in Figure 5.6 (a). In the measurement, 

the dual-mode OPD was biased at -35 or 15 V and exposed to a 0.1 Hz frequency modulated 

monochromatic light source. During the first 4 min, the dual-mode OPD was biased at -35 V and 

exposed to the modulated NIR light (770 nm) source establishing a stable photoresponse to the 

NIR light. Then, the 0.1 Hz frequency modulated NIR light source was replaced with a 0.1 Hz 

frequency modulated visible light (460 nm) source. The photocurrent of the reverse-biased OPD 
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decreased to zero when the visible light source was replaced for the NIR light source, as shown in 

Figure 5.6 (b), indicating its insensitive nature to the visible light when it is operated in its NIR 

light detection mode. This shows that the dual-mode OPD, operated under a reverse bias of -35 V, 

is only sensitive to the NIR light, and it does not respond to the visible light. When the dual-mode 

OPD was operated under a forward bias (15 V), it responded only to the visible light with almost 

no photoresponse to the NIR light. The time-dependent photo response results confirm that the 

dual-mode OPD developed in this work has a unique feature of high NIR light response, operated 

under a reverse bias, and high visible light response, operated under a forward bias. 

 

Figure 5.7 Transient photo-responses measured for the dual-mode OPD in the presence of (a) 

visible light (460 nm) and (b) NIR light (770 nm) sources. (c) The density of the photogenerated 

charge carriers as a function of the delay time in the photo-CELIV transients, measured for the 

two discrete ITO/PFN-Br/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm)/Al and ITO/PFN-

Br/P3HT:PC70BM (100:1) (300 nm)/Al OPDs. 

The transient photo-current responses of the dual-mode OPD were measured using two LED 

light sources with two different emission peak wavelengths of 770 nm and 460 nm, driven by a 

modulated square-wave voltage. The results are shown in Figures 5.7 (a) and 5.7 (b). In the 

presence of the modulated visible light (460 nm), the 𝜏𝑟𝑖𝑠𝑒 of 58 ms and 𝜏𝑓𝑎𝑙𝑙 of 133 ms were 
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obtained for the dual-mode OPD operated under a forward bias of 15 V. In the presence of the 

modulated NIR light (770 nm), the 𝜏𝑟𝑖𝑠𝑒 of 3.3 s and 𝜏𝑓𝑎𝑙𝑙 of 6.6 s were obtained for the dual-mode 

OPD operated under a reverse bias of -35 V. The change in the photo-response speed observed in 

the NIR light mode and visible light mode of the dual-mode OPD is associated with the difference 

in the electron trapping and de-trapping processes in the ternary blend P3HT:PTB7-Th:PC70BM 

(70:30:1) NIR light-absorbing layer and the binary blend P3HT:PC70BM (100:1) visible light-

absorbing layer. 

To understand the variation in the photo-response speed of the OPD in different operation 

modes, the lifetime of the trapped electrons in the ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) 

NIR light-absorbing layer and binary blend P3HT:PC70BM (100:1) visible light-absorbing layer 

was studied using the photo-CELIV measurements. The delay time between the laser pulse and 

voltage ramp in the photo-CELIV measurement was varied over the range from 1 to 1000 μs. The 

duration of the linearly increased voltage ramp, from 0 to 9 V, was kept constant 50 μs to extract 

the photo-generated charges. The photo-CELIV transients were measured for the glass/ITO/PFN-

Br/P3HT:PTB7-Th:PC70BM (70:30:1) (500 nm)/Al and glass/ITO/PFN-Br/P3HT:PC70BM (100:1) 

(300 nm)/Al based discrete OPDs. The extracted carrier density versus the delay time from the 

photo-CELIV transients of the PM-type OPDs is shown in Figure 5.7 (c). It is obvious that the 

lifetime of the trapped electrons in the ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) NIR light-

absorbing layer is longer than that in the binary blend P3HT:PC70BM (100:1) visible light-

absorbing layer. The photo-CELIV results agree with the transient photo-response measurements, 

revealing that the dual-mode OPD has a slower photoresponse speed when it is operated in the 

NIR light detection mode. 
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5.4 Novelties of Dual-mode Photodetection 

It is a great challenge to achieve a high performing electrically switchable spectral tunable 

OPD in two distinct NIR and visible light bands. In this chapter, a dual-mode OPD, comprising a 

tri-layer organic stack of visible light absorber/optical spacer/NIR light absorber, has been 

proposed. Such a tri-layer PM-type OPD gives rise to the remarkable dual-mode light detection 

phenomena, exhibiting a NIR response operated under a reverse bias and a visible response at a 

forward bias. The dual-mode OPD comprises of a solution-processed 300 nm thick binary blend 

P3HT:PC70BM (100:1) visible light-absorbing layer, a 320 nm thick pristine P3HT optical spacer 

layer and a 500 nm thick ternary blend P3HT:PTB7-Th:PC70BM (70:30:1) NIR light-absorbing 

layer. The electrically switchable NIR and visible light responses in the dual-mode OPD are 

closely associated with two factors: (1) different distributions of the photo-generated electrons in 

the presence of the NIR and visible light, and (2) the bias polarity dependent charge-injection 

behaviors. In the presence of NIR light, the tunneling hole injection occurs at the NIR light 

absorber/cathode interface in the OPD operated under a reverse bias, due to the band bending that 

is induced by the high density of NIR light-generated electrons. In the presence of visible light, 

the tunneling hole injection takes place at the anode/visible light absorber interface in the OPD at 

a forward bias, due to the band bending that is caused by the high density of visible light-generated 

electrons. A high responsivity of > 10 A/W was obtained for the dual-mode OPD at two distinct 

short and long wavelengths. The dual-mode OPD developed in this chapter has a simultaneous 

high D* of ~1013 Jones in both NIR and visible light bands. 

High performing dual-mode OPDs are an attractive alternative optical detection technology 

to the conventional single-mode OPDs. They offer additional advantages such as having a 

electrically switchable spectral response for applications in environmental pollution detection, 
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wellness, and security monitoring in two distinct bands. The solution-processable fabrication 

processes also lead to significant cost benefits, thereby creating next-generation large-area and 

flexible OPDs. The unique dual-mode light response properties demonstrated in this work offer an 

attractive option for new OPD concepts and applications. 
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Chapter 6: Summary and Outlook 

6.1 Summary 

The recent progress made in the synthesis of the organic semiconductors have greatly assisted 

in the development of OPDs. The organic semiconductors offer new opportunities to design OPDs 

with tunable spectral response characteristics, especially in the NIR and visible ranges. This 

research project carried out a systematic study of the spectral tunable response behaviors of band-

selective and dual-mode OPDs. 

Chapter 1 provides a brief introduction to the development of OPDs, including the choice of 

the photoactive semiconductors, band-selective detection behaviors, motivation, and 

accomplishment of this research project.  

The physics of OPDs is discussed in chapter 2, including the material properties, device 

physics of OPDs, and the performance characterization. We have demonstrated the realization of 

narrowband photodetection by using a bilayer donor/acceptor organic stack structure. The bilayer 

photoactive layer structure has the freedom to modulate the optical profile in the OPDs, achieving 

the narrowband response in the OPDs. 

Chapter 3 reports the results of our efforts to develop a novel filter-free band-selective OPD, 

comprising a bilayer visible light depletion layer/NIR-absorbing layer photoactive layer 

architecture. The detection spectrum window is determined by the difference in wavelengths 

between the transmission cut-off wavelength of the visible light depletion layer and the absorbing 

edge of the NIR-absorbing layer. The filter-free band-selective OPDs have simultaneously a high 

responsivity, a high spectral rejection ratio, and a high -3 dB cutoff frequency that are desired for 

application in Li-Fi and light communications. 
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The results of the spectral tunable response PM-type OPDs with a high responsivity are 

discussed in chapter 4. The high responsivity is attributed to trap-assisted charge injection via 

energy band bending under light illumination and electrical bias. The charge-injection process and 

spectral modulation in the PM-type OPDs have been investigated, revealing the feasibility of 

applying the trap-assisted charge-injection PM-type OPD to achieve electrically switchable 

spectral tunable OPDs. 

In chapter 5, we discuss the development of a novel dual-mode OPD. The dual-mode OPDs 

comprises of a trilayer organic stack of visible light absorber/optical spacer/NIR light absorber. 

The novel dual-mode OPD gives rise to the remarkable dual-mode light detection phenomena, 

exhibiting a visible light blind NIR response operated under a reverse bias, and a NIR light blind 

visible response under a forward bias. The photodetection spectrum can be electrically switched 

by applying a reverse or forward bias. 
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6.2 Outlook 

There are tremendous opportunities for the development and applications of solution-

processable novel band-selective and dual-mode OPDs. The ultimate aim of the research in this 

work is to develop new methods to realize spectral tunable photodetection OPDs. This 

achievement of the work are very inspiring, guiding an insight and new device concept for spectral 

tunable OPDs with sensitive photodetection ability in the desired spectral range for different 

applications. 

The challenges remaining in the development of spectral tunable dual-mode OPDs include 

reducing the driving voltage, broadening the spectral response ranges, and suppressing the spectral 

crosstalk between light within the detection spectrum and that outside the detection wavelength 

range. There remains room for performance improvement in the spectral tunable OPDs. To do so, 

more comprehensive investigations on the charge transport properties in the OPDs with a bilayer 

or a trilayer photoactive layer are required.  

The tri-layer dual-mode OPD presented in this work uses a relatively thicker active layer, e.g., 

1100 nm, which may induce a relatively high operating voltage. The driving voltage of the tri-

layer OPD may be reduced by selecting an appropriate material combination and interfacial 

engineering to reduce the charge-injection barrier at the organic/electrode interfaces. It is 

anticipated that the active semiconductors with a well-defined narrow absorption spectrum in the 

respective short wavelength and long wavelength ranges would be ideal for application in trap-

assisted dual-mode OPDs. In such a case, only a thin optical spacer is required to realize the distinct 

dual-mode detection, attaining a low driving voltage dual-mode OPDs. 
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The proposed tri-layer dual-mode OPDs may also be designed for light photodetection over 

different shorter-wavelength light and longer-wavelength light ranges, using a combination of 

materials with desired absorption properties. Essentially, the use of an optical spacer in the tri-

layer enables the longer-wavelength and shorter-wavelength parts of the incident light to be 

absorbed selectively in the longer-wavelength light and shorter-wavelength light absorbing regions. 

An appropriate optical spacer can be selected to deplete the shorter-wavelength light and enable 

the longer-wavelength light reaching to the longer-wavelength light-absorbing layer. Therefore, 

the tri-layer OPD concept described in this work can be adopted for making different dual-mode 

PDs. The rapid progress made in the development of organic semiconducting materials offer an 

attractive option and a variety of semiconductor choices for application in different dual-mode 

PDs, e.g., a blue-light and red-light dual-mode OPD. Recently, the narrow-bandgap polymer 

donors and nonfullerene acceptors receive intense attention. The reported OPDs comprising 

narrow-bandgaps organic semiconductors as a photoactive layer have photodetection in the NIR 

range with a response edge up to 1.7 μm. From the point of view of spectral properties, these 

narrow-bandgap semiconductors provide new chances for developing spectral tunable OPDs with 

photodetection in the deeper NIR range. 

It is expected that a multi-mode OPD with electrically switchable responses in different 

visible and NIR light ranges can be developed by carefully manage the optical profile and charge 

transport in the devices. The multi-mode OPDs will be featured for future imaging applications, 

since the organic OPDs have the advantage over the inorganic counterparts, e.g. lightweight, 

flexible, and biocompatibility. 
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