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Abstract 

In comparison with the commercial inorganic semiconductor-based 

photodetectors, the solution-processable organic photodetectors (OPDs) offer an 

attractive option for use in imaging applications, security monitoring and artificial 

intelligence. This research work aimed at developing high-performance solution-

processable OPDs, including transparent near-infrared (NIR) OPDs and the novel 

photomultiplication (PM)/photovoltaic (PV) dual-mode OPDs for imaging 

applications. The recent advances in low-bandgap organic materials and solution 

fabrication technologies have provided an encouraging pathway for imaging 

applications using OPDs. The PhD work included: (1) analyzing the performance 

of the NIR OPDs, (2) investigating the photoresponses of the transparent NIR OPDs 

and the application in NIR visualization, (3) examining the unique filter-free 

spectral selective photoresponse behavior of the novel PM/PV dual-mode OPDs, 

and (4) demonstrating the use of the dual-mode OPDs for imaging applications.  

The photoresponse of the solution-processed large-area transparent NIR OPDs 

with a high conductivity poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate 

(PEDOT:PSS) upper transparent electrode has been analyzed. The transparent 

large-area self-powered NIR OPDs have a high specific detectivity of >1012 Jones 

at 850 nm, and a high -3 dB cutoff frequency of 71 kHz and a linear dynamic range 

of 154 dB. The visualization of NIR light can be attempted through monolithic 

integration of transparent NIR OPDs with perovskite light-emitting diodes 

(PeLEDs). In an NIR-to-visible upconversion device, the transparent NIR OPD unit 

acts a charge-injection layer to adjust the emission behavior in the LED unit. The 

hole-electron current balance in the NIR-to-visible upconversion device is 

controlled by the photocurrent generated in the NIR PD that responds to the NIR 
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portion of the incoming light. The visible light emission in the LED unit is realized 

in area where the effective charge injection occurs, adjusted by the NIR PD unit in 

the presence of the NIR light, such that the objects reflecting or illuminating NIR 

light can be visualized.  

In parallel to the optimization of transparent NIR photodetection component, 

the efficiency of the emission component is another crucial factor for determining 

the overall performance of the NIR-to-visible upconversion devices. Among 

different types of reported LEDs, the emerging PeLEDs are very attractive for use 

in NIR-to-visible upconversion devices because they have a high color purity with 

narrow emission spectrum, high brightness, and high photoluminescence quantum 

yield. The performance of the large-area cesium lead bromide (CsPbBr3)-based 

PeLEDs has been optimized through a controlled growth of the perovskite emission 

layer modified using a hybrid additive approach. The results reveal that the use of 

the hybrid additive helps to suppress both the structural defects and nonradiative 

recombination-induced leakage current and assists in improving the electron-hole 

current balance in the PeLEDs.   

Apart from the effort in developing NIR visualization devices, spectral 

crosstalk-free photodetection is another important technique with practical impacts 

for use in image sensors. The present commercial inorganic semiconductor-based 

broadband photodetectors require dedicated color filters to realize spectral selective 

photodetection. The use of the filters increases the complexity and cost of the image 

sensors. In this work, a novel bias-switchable PM/PV dual-mode OPD has been 

developed for image applications. The PM/PV dual-mode OPD has a 

heterostructure photoactive layer, comprising a tandem organic bulk-heterojunction 

(BHJ) architecture. The first BHJ absorbs the short-wavelength portion of the 

incoming light, whereas the second BHJ has an extended absorption to longer 
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wavelengths. The spectral photo-selective photodetection is realized by adjusting 

the difference in wavelengths between the transmission cutoff wavelength of the 

first BHJ and the absorption edge of the second BHJ in the dual-mode OPDs. Both 

BHJs are connected in series to form a back-to-back structure. When a forward bias 

is applied across the ITO and Al contacts, the second BHJ is under its forward 

current. The first BHJ is under its reverse-biased condition for generating the 

photocurrent due to the absorption of the short-wavelength portion of the incoming 

light. Likewise, when a reverse bias is applied across the ITO and Al contacts, the 

first BHJ is under its forward-biased conduction to conduct the current. The second 

BHJ is under its reverse-biased condition to generate the photocurrent due to the 

absorption of the long-wavelength portion of the incoming light.  

To suppress the spectral crosstalk in the PM/PV dual-mode OPDs, a long-

wavelength absorbing functional layer has been adopted in the second BHJ. The 

use of the PM effect helps to promote the external quantum efficiency of the dual-

mode OPDs over 100%, leading to a high photosensitivity for the long-wavelength 

portion of the incoming light. The dual-mode OPDs with a spectral selective 

photoresponse in two distinct bands over the visible light spectrum have been 

realized. For example, the dual-mode OPD, having a device configuration of 

ITO/ZnO/F8T2:PC61BM/MoO3:PEDOT:PSS/P3HT:PC71BM/Al, has a high 

photoesponse over the wavelength of < 500 nm, operated under the forward bias. It 

also has a high photoresponse over the wavelength range from 625 to 650 nm when 

it is operated under the reverse bias. The high-performance spectral selective dual-

mode OPDs have been used for blue and red color imaging analysis, demonstrating 

an excellent filter-free color imaging capability.  
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Figure 1.1 Schematic diagrams of OPDs with (a) a single organic 

semiconductor photoactive layer, (b) a donor (D)/acceptor (A) 

PHJ and (c) a D:A BHJ.   

Figure 1.2 Schematic diagrams of NIR visualization using (a) traditional 

NIR imaging technology, comprising an NIR PD, an indium 

solder bumps, a ROIC and a display, and (b) pixel-free NIR-to-

visible upconversion device.  

Figure 1.3 Schematic diagrams of image sensors using (a) single-mode 

broadband OPD with optical filters, (b) filter-free single-mode 

narrowband OPDs and (c) filter-free dual/multi-mode OPD. 

Figure 2.1 Flow chart with photos of (a) UV-ozone plasma, (b) Laurell Ws-

650Mz-23NPP spin coater used for thin-film preparation, 

synthesized by water containing solution, (c) N2-purged 

gloveboxes equipped with spin coaters used for thin-film 

preparation, synthesized by organic-solvent containing solution, 

(d) high vacuum evaporation system, and (e) encapsulation 

system.  

Figure 2.2 Material and thin film characteristics of (a) absorption 

spectroscopy and (b) SEM system. 

Figure 2.3 Schematic diagram of the system, comprising an SRS pre-

amplifier (model SR570) and an SRS FFT spectrum analyzer 

(model SR770), measured for the noise spectral density of the 

OPD samples. 

Figure 2.4 Schematic diagram of the EQE system, having a xenon lamp, an 

SRS lock-in amplifier (model SR830) and a Bentham TMc300 

single monochromator. 

Figure 2.5 Schematic diagram of the steady state photoresponse 

characterization system, including a source meter (KEITHLEY 

2400), an optical attenuator (THORLABS) and an optical power 

meter (THORLABS). 

Figure 2.6 Schematic diagram of the transient photoresponse 

characterization system, comprising a commercial LED 

(purchased from Thorlabs), an SRS function generator (model 

DS345), an oscilloscope (Tektronix MDO3052) and a MANSON 
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MPD-3030 dc regulated power supply. 

Figure 2.7 J−L−V measurement system, equipped with an integrated system 

of a spectral colorimeter (Photo Research Inc., Model 650 

spectrophotometer) and a source meter (KEITHLEY 2400), used 

for EL characteristics. 

Figure 2.8 Optical constants (values of n and k) measured for (a) the pristine 

F8T2:PC61BM (1:1) and (b) P3HT:PC71BM (100:1) photoactive 

layers.   

Figure 3.1 (a) Molecular structures of PTB7-Th, COi8DFIC and PC71BM. 

(b) Absorption spectra measured for a 10 nm thick ZnO layer and 

an 85 nm thick ternary PTB7-Th:COi8DFIC:PC71BM photoactive 

layer, prepared using a precursor solution with a weight ratio of 

PTB7-Th to COi8DFIC to PC71BM of 1:1:0.5. (c) Schematic 

energy level diagram of the functional materials used in the work. 

(d) Transparency measured for the ternary photoactive layers with 

different thicknesses of 75 nm, 85 nm, 105 nm, and 120 nm. 

Figure 3.2 (a) Schematic cross-sectional view of an NIR OPD comprising a 

layer configuration of glass/ITO/ZnO/PTB7-

Th:COi8DFIC:PC71BM/MoO3/Al. (b) R spectra of the NIR OPDs 

with different photoactive layer thicknesses of 75 nm, 85 nm, 105 

nm, and 120 nm without bias. (c) R spectra measured for the NIR 

OPD operated under different biases of -0.5 V and -1.0 V, and 

without bias. (d) I−V characteristics measured for an NIR OPD in 

the dark and under an NIR (850 nm) illumination, with an 

intensity of 10 mW/cm2. 

Figure 3.3 (a) The signal current and (b) D* measured for the NIR OPDs, 

having different photoactive layer thicknesses of 75 nm, 85 nm, 

105 nm and 120 nm, without bias and in dark. 

Figure 3.4 (a) A set of relative response−frequency characteristics measured 

for the NIR OPDs, having different photoactive layer thicknesses 

of 75 nm, 85 nm 105 nm and 120 nm without bias and illuminated 

by a modulated 870 nm NIR LED source. (b) Transient 

photoresponses obtained from the NIR OPD, comprising an 85 

nm thick photoactive layer without bias, illuminated by a 

modulated 870 nm NIR LED source at different modulation 

frequencies of 1 kHz, 10 kHz, 100 kHz and 500 kHz.  

Figure 4.1 A flow chart showing the deposition of a PEDOT:PSS upper 

transparent electrode on the surface of a ternary PTB7-
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Th:COi8DFIC:PC71BM photoactive layer using a lamination 

transfer process.  

Figure 4.2 (a)Schematic cross-sectional view of a transparent NIR OPD 

having an 85 nm thick ternary PTB7-Th:COi8DFIC:PC71BM 

photoactive layer and a 165 nm thick PEDOT:PSS upper 

transparent electrode. (b) Transmission spectra measured for the 

PDMS/PEDOT:PSS (165 nm), glass/ITO, glass/Ag NWs (~20 

nm) and glass/MoO3/Ag (10 nm)/NPB (50 nm). (c) Transparency, 

at 550 nm and 850 nm, measured for the PEDOT:PSS layers with 

difference thicknesses, and the corresponding electric 

conductivity. (d) Transparency measured form the ITO and the 

PEDOT:PSS sides of the transparent OPDs.  

Figure 4.3 (a) I−V characteristics measured for the self-powered NIR OPDs 

with different upper electrodes of PEDOT:PSS (165 nm), Al (100 

nm), MoO3 (5 nm)/Ag (10 nm)/NPB (50 nm) and MoO3 (5 

nm)/Ag (10 nm)/ITO (160 nm). (b) I−V characteristics measured 

for a transparent NIR OPD, with a 165 nm thick PEDOT:PSS 

upper transparent electrode, in the dark and under an NIR (850 

nm) light illumination, with an intensity of 10 mW/cm2. (c) 

Photocurrent−light intensity characteristics and (d) D*shot spectra 

measured from the ITO side and the PEDOT:PSS side of the 

transparent OPD operated under a reverse bias of -1.0 V, under an 

NIR (850 nm) light illumination, with an intensity of 10 mW/cm2.   

Figure 4.4 (a) R spectra measured from the ITO side and the PEDOT:PSS 

side of a self-powered transparent NIR OPD, over an area of 2.0 

mm  2.0 mm, the corresponding R spectrum measured from the 

PEDOT:PSS side of the OPD, operated under a reverse bias of -

1.0 V, is also shown. R spectra measured from the ITO side and 

the PEDOT:PSS side of (b) a 1.0 cm  1.0 cm-sized self-powered 

transparent NIR OPD and (c) a 1.6 cm  1.6 cm-sized self-

powered transparent NIR OPD with and without the presence of 

a white paper reflector. (d) R spectra measured over different 

locations, indicated by the red, green, black, and blue dots, on a 

1.6 cm  1.6 cm-sized self-powered transparent NIR OPD. The 

inset: photo picture taken from the PEDOT:PSS side of the 

transparent NIR OPD.  

Figure 4.5 Relative response (dB)−frequency characteristics measured for 

the self-powered transparent NIR OPDs, with a 165 nm thick 
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PEDOT:PSS upper transparent electrode, having different active 

areas of (a) 2.0 mm  2.0 mm, (b) 1.0 cm  1.0 cm and (c) 1.6 cm 

 1.6 cm, and the corresponding relative response−frequency 

characteristics of the OPDs operated under different biases of -1.0 

V and -2.0 V. (d) OPD size-dependent -3 dB cutoff frequency 

measured for the self-powered transparent NIR OPDs and the 

ones measured for the OPDs operated under a reverse bias of -1.0 

V. 

Figure 4.6 Operational principle of an NIR-to-visible upconversion device, 

with an NIR PD unit acting as hole-injection layer, operated under 

an external bias (a) in the dark, and (b) in the presence of NIR 

illumination. An NIR-to-visible upconversion device, with an 

NIR PD unit serving as an electron-injection layer, operated under 

an external bias (c) in the dark and (d) in the presence of NIR 

illumination. 

Figure 4.7 (a) The schematic cross-sectional view of a PeLED, (b) the 

schematic energy level diagram of the corresponding materials 

used in the PeLED, the molecular structures of (c) CsPbBr3, (d) 

Cs2CO3 and (e) PEO.   

Figure 4.8 Top-view SEM images measured for the CsPbBr3 perovskite 

layers grown on the ITO/PEDOT:PSS surface using (a) a pure 

CsPbBr3 precursor solution, mixture solutions of (b) CsPbBr3-

Cs2CO3, (c) CsPbBr3-PEO and (d) a CsPbBr3 precursor solution 

with a hybrid additive of PEO and Cs2CO3.  

Figure 4.9 (a) PL and absorption spectra measured for the CsPbBr3 

perovskite films on the PEDOT:PSS/ITO surface, prepared using 

different CsPbBr3 precursor solutions, (a) L−V and (b) J–V 

measured for the CsPbBr3 PeLEDs prepared using different 

CsPbBr3 precursor solutions. (c) EL spectra measured for the 

CsPbBr3 PeLEDs, prepared using a CsPbBr3 precursor solution 

with a hybrid additive of PEO and Cs2CO3, operated under a bias 

range from 4.0 to 7.0 V. The inset in (c): a PeLED operated under 

7.0 V, demonstrating a uniform green light emission over an 

active area of 1.0 cm by 1.5 cm.  

Figure 4.10 (a) Normalized absorption characteristics of NIR-absorbing 

materials, and (b) a schematic diagram and photo taken for an 

NIR visualization device, including a transparent NIR 

photodetection unit and visible emission unit. 
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Figure 5.1 Schematic diagrams illustrating the working principles of the PM 

type OPDs (a) in dark condition and (b) under light illumination, 

operated under external reverse electrical fields. 

Figure 5.2 (a) The optical field distribution and (b) profile of photon 

absorption in the PM type OPD having a 100 nm thick 

P3HT:PC71BM photoactive layer. (c) The optical field 

distribution and (d) profile of photon absorption in the PM type 

OPD having a 300 nm thick P3HT:PC71BM photoactive layer. (e) 

The optical field distribution and (f) profile of photon absorption 

in the PM type OPD having a 500 nm thick P3HT:PC71BM 

photoactive layer. (g) The optical field distribution and (h) profile 

of photon absorption in the PM type OPD having a 700 nm thick 

P3HT:PC71BM photoactive layer. 

Figure 5.3 (a) I−V characteristic in dark, (b) external quantum efficiencies 

of the OPD measured under a reverse bias of -18.0 V and (c) 

D*shot measured under a reverse bias of -12.0 V for the OPD 

having P3HT:PC71BM photoactive layers with different thickness 

of 310 nm, 490 nm, and 650 nm. 

Figure 6.1 (a) Molecular structures of F8T2, PC61BM, P3HT and PC71BM. 

(b) Absorption spectra of a binary F8T2:PC61BM thin film with a 

weight ratio of 1:1 and a binary P3HT:PC71BM thin film with a 

weight ratio of 100:1. Samples are coated on the quart substrates 

for measurement. (c) Schematic device structure of the bias-

switchable dual-mode OPDs realized by PV and PM effects. 

Under the forward bias, the OPD works in PV mode for blue light 

detection. Under the reverse bias, the OPD works in PM mode for 

detection of red light. (d) Cross-sectional SEM image of the dual-

mode OPDs. 

Figure 6.2 Schematic diagrams illustrating the charge dynamics in the dual-

mode OPDs in dark or under light illumination, operated under 

(a) the forward bias (PV mode) and (b) the reverse bias (PM 

mode). The profile of (c) optical field distribution and (d) photon 

absorption of the dual-mode OPDs comprising a device structure 

of ITO (150 nm)/ZnO (10 nm)/F8T2:PC61BM (100 

nm)/MoO3:PEDOT:PSS (40 nm)/ P3HT:PC71BM (500 nm)/Al 

(100 nm), as a function of wavelength ranging from 400 nm to 

700 nm.   

Figure 6.3 (a) R spectra measured for the binary F8T2:PC61BM single-mode 
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OPDs operated under different forward biases over the voltage 

range from 1.0 to 4.0 V. (b) R spectra measured for the binary 

P3HT:PC71BM single-mode OPDs operated under different 

negative voltages of -3.0 V, -6.0 V, -9.0 V and -12.0 V. (c) R 

spectra measured for the dual-mode OPDs operated under the 

forward biases (PV-mode) and the reverse biases (PM-mode). 

Figure 6.4 Under a condition of the 500 nm thick P3HT:PC71BM photoactive 

layers, (a) dark current, (b) forward bias-dependent EQE and (c) 

reverse bias-dependent EQE measured for the dual-mode OPDs 

with different-thickness F8T2:PC61BM photoactive layers. Under 

a condition of the 100 nm-thick F8T2:PC61BM photoactive 

layers, (a) dark current, (b) forward bias-dependent EQE and (c) 

reverse bias-dependent EQE measured for the dual-mode OPDs 

with different-thickness P3HT:PC71BM photoactive layers. 

Figure 6.5 (a) and (b) Bias-dependent R spectra as a function of wavelengths 

ranging from 400 nm to 700 nm. (c) Wavelength-dependent 

crosstalk spectra of the dual-mode OPDs with the -10 dB line, 

operated under external biases of 4.0 V and -4.0 V. (d) Bias-

dependent crosstalk spectra of the dual-mode OPDs the -10 dB 

line, chosen by the specific wavelength spectra of 450 nm and 630 

nm.    

Figure 6.6 (a) D*shot spectra measured for the dual-mode OPDs operated 

under the forward bias of 4.0 V and the reverse bias of -4.0 V. (b) 

D*shot measured for the dual-mode OPDs operated under the 

reverse bias of -12.0 V Current noise spectral densities and 

photocurrent signals measured for the dual-mode OPDs under the 

illuminations of (c) blue (450 nm) light and (d) red (635 nm) light. 

Figure 6.7 I−V characteristics measured for the dual-mode OPDs under (a) 

blue (450 nm) and (b) red (635 nm) light illumination with 

increased light intensities. Photocurrent−light intensity 

characteristics measured for the dual-mode OPDs operated under 

(c) the forward biases of 2.0 V, 4.0 V and 6.0 V, under the 

illumination of the blue (450 nm) light, and (d) the reverse biases 

of -8.0 V, -10.0 V and -12.0 V, under the illumination of the red 

(635 nm) light.   

Figure 6.8 (a) Transient photoresponse measured for the dual-mode OPDs 

operated under the forward bias of 4.0 V, and under the 

illumination of a 4 kHz-modulated blue (460 nm) light with an 
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intensity of 12 mW/cm2, and (b) ones measured for the dual-mode 

OPDs operated under the reverse bias of -12.0 V, and under the 

illumination a 40 Hz-modulated red (625 nm) light with an 

intensity of 12 mW/cm2. (c) Relative response−frequency 

characteristics of the dual-mode OPDs, measured for the dual-

mode OPDs operated under the forward bias of 4.0 V and under 

the illumination of a modulated blue (460 nm) light, over a 

frequency range from 0.01 to 150 kHz, showing a -3 dB cutoff 

frequency of 25 kHz, and (d) that of the ones operated under the 

reverse of bias of -12.0 V and under the illumination of a 

modulated red (625 nm) light, over a frequency range from 0.001 

to 2 kHz, showing a -3 dB cutoff frequency of 140 Hz. 

Figure 6.9 9 A logo of Faculty of Science, Hong Kong Baptist University 

was used for the imaging applications. The photocurrent 

measured from the dual-mode OPDs operated under (a) the 

forward bias of 3.0 V and (b) the reverse bias of -4.0 V. (c) The 

processed images using a programming and numeric computing 

platform ‒ MATLAB and the original picture of the logo with 

dimensions of 45 mm × 48 mm. A famous painting, titled “La 

Bastille, etude” painted by Marc Chagall in 1954, was also used 

for the imaging applications. The photocurrent measured from the 

dual-mode OPDs operated under (d) the forward bias of 3.0 V and 

(e) the reverse of bias of -4.0 V. (f) The processed images and the 

original picture of the painting with dimensions of 50 mm × 40 

mm. In these scanning systems, the step size of the scanning 

system is 0.2 mm. The white LED (ThorLabs), operated under an 

external bias of 5.0 V, is used as light source.  

 

 

Tables 

 

Table 1 A summary of photoactive layers, upper transparent electrodes, 

deposition processes, responsivity, detectivity, and active areas of 

different transparent NIR OPDs. 

Table 2 A summary of the results of the dual-mode PDs obtained in this 

work and the ones in the field. 

 

 

 


