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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 solutionprocessable 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
ii

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
iii

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 longwavelength 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 dualmode 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 dualmode OPDs have been used for blue and red color imaging analysis, demonstrating
an excellent filter-free color imaging capability.
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1.6 cm  1.6 cm-sized self-powered transparent NIR OPD. The
inset: photo picture taken from the PEDOT:PSS side of the
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CsPbBr3 precursor solution, mixture solutions of (b) CsPbBr 3Cs2CO3, (c) CsPbBr3-PEO and (d) a CsPbBr3 precursor solution
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(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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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
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detection. Under the reverse bias, the OPD works in PM mode for
detection of red light. (d) Cross-sectional SEM image of the dualmode OPDs.
Schematic diagrams illustrating the charge dynamics in the dualmode 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
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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.
(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
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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).
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.
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(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,
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(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.
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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

Figure 6.8

(635 nm) light.
(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 dualmode 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
Figure 6.9

to 2 kHz, showing a -3 dB cutoff frequency of 140 Hz.
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.
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Chapter 1: Introduction
1.1 Background and Motivation
1.1.1 Organic Photodetectors
Photodetector (PD) is an optoelectronic device that generates an electrical
signal in response to a photoexcitation by the incident optical signal. The PDs used
for commercial photodetection applications are generally based on inorganic silicon
(Si) and germanium (Ge)-based semiconductors for their small exciton binding
energy, high charge carrier mobility, high efficiency, and high stability.[1] However,
the inorganic PDs require expensive and complicated manufacturing processes and
low-temperature cooling operation systems. They are also fragile, opaque and
inherently rigid, limiting applications in flexible, large-area image sensors at lowcost. In comparison with the commercial inorganic semiconductor-based
photodetectors, organic photodetectors (OPDs) offer an attractive option for
delivering cost-effective large-area photodetectors.[2–5] OPDs have attracted
increasing interests for different applications, e.g., imaging, health monitoring,
biochemical sensing,[6] and functional windowpanes.[7] The integration of
semiconductor-based complementary metal–oxide–semiconductors (CMOS) with
OPDs for image sensors was reported by Panasonic corporation.[8,9] OPDs,
prepared using different functional organic semiconducting materials, have many
advantages, e.g., reduced thickness, light weight, chemical tenability, mechanical
flexibility, solution fabrication capabilities, and tunable optical transparency.[1]
Organic semiconductor materials also have tunable electronic properties that are
suitable for use in photodetectors responding to different portions in the
electromagnetic spectrum. Small molecule organic semiconductors with π-bonded
molecules and polymeric semiconductors made of carbon and hydrogen atoms are
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widely used in photoactive layers in the OPDs. These materials have intrinsic
superiority such as outstanding exciton diffusion and charge collection
efﬁciency.[10] The recent advances in the development of the organic
semiconductors with extended absorption in near-infrared (NIR) wavelength range
provide an exciting opportunity for the development of high-performance NIR
OPDs.
There are three types of commonly used photodetectors, e.g., a photodiode, a
photoconductor, and a phototransistor.[11] In this research work, the performance
of two-terminal OPDs, comprising an organic photoactive layer sandwiched
between an anode and a cathode, as shown in Figure 1.1, is discussed. This device
configuration is similar to that of solar cell, operated under the principle of a
photovoltaic (PV) effect. The photoresponse of the OPDs includes four processes
of (1) photo-induced exciton generation due to the absorption of the incoming light,
(2) the diffusion of the photo-excited excitons and formation of the charge transfer
(CT) excitons, (3) dissociation of the CT excitons to form free charge carriers (free
electrons and holes), and (4) drift of the free charge carriers and extraction of the
charges.[8,10,12,13] In the OPDs realized by the PV effect (PV type OPDs), the
external quantum efficiency (EQE) of OPDs is limited by the finite photon
harvesting, exciton diffusion, exciton dissociation, and photogenerated charge
carrier collection efficiencies. Thus, the EQE of the PV type OPDs is generally less
than 100%. The performance, especially the EQE of the OPDs arises mainly from
the photon absorption capability of the organic materials used in the photoactive
layers, comprising a mixture of donor (D) and acceptor (A) components. The
photoactive layer in the OPDs can be prepared using either a planar heterojunction
(PHJ) or a bulk heterojunction (BHJ). The PHJ organic photoactive layer has a
bilayer D/A heterostructure, as shown in Figure 1.1(b). The BHJ organic
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photoactive layer is prepared by spin-coating using a D/A blend precursor as shown
in Figure 1.1(c). The device structure of the OPDs comprising a BHJ photoactive
layer sandwiched between an anode and a cathode is always adopted rather than
using PHJ photoactive layer, to achieve higher responsivity. The weak
intermolecular absorption happening in the BHJ photoactive layer is determined by
the difference in energy level between the highest occupied molecular orbital
(HOMO) of the D and a lowest unoccupied molecular orbital (LUMO) of the
A.[10,14] The use of the BHJ helps to create a percolation pathway that assists in
the dissociation of the photo-induced excitons and the subsequent charge transport
in the photoactive layer. Apart from employing the high photon absorption organic
materials in the structure of BHJ photoactive layer, the optimization of the
photoactive layer thickness, interface engineering and transparent conducting
electrodes are feasible approaches to achieving high-performance OPDs.
Photomultiplication (PM) type OPDs have the advantage of achieving EQE
exceeding 100%, removing the need of extra external high-precision amplifier
circuits. PM OPDs also have high sensitivity in weak light signal detection. The
photomultiplication effect was firstly demonstrated in the OPD with a binary
heterojunction layer having a weight ratio for P3HT:PC71BM of 100:1. It shows
that the electron traps are formed due to the presence of a very low amount of
PC71BM in the binary P3HT:PC71BM active layer, assists in enhancing hole
injection in the OPDs. [1] The photoexciton energy transfer to the trapped carriers
in the BHJ materials in the organic photoactive layer need not to undergo the
process of exciton dissociation at the interface between the D and the A, which takes
the advantage of the photomultiplication effect in the OPDs. The EQE of the PM
type OPDs can attain more than 100% due to the tunneling effect. However, the
response speed of the PM type OPDs is generally lower than the PV type OPD due
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to the longer lifetime of the minority carriers in photocurrent multiplication
process.[8,15]

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.

1.1.2 Organic Photodetectors for Imaging Applications
1.1.2.1 Upconversion Devices
The visualization of the invisible NIR light, through monolithic integration of
a thin film NIR PD and a light-emitting diode (LED), has attracted increasing
interests for a plethora of imaging applications in semiconductor wafer inspection,
night vision, bio image, health detection, environmental and security
monitoring.[16–24] In the present commercial market, the NIR visualization
systems use mainly the inorganic semiconductor based NIR PDs, as well as the
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night vision and thermal imaging system.[25] In these NIR imaging systems, an
array of inorganic PDs, e.g., indium gallium arsenide (InGaAs), indium antimonide
(InSb) or mercury cadmium telluride (HgCdTe) PDs, is interconnected with a
silicon-based readout integrated circuit (ROIC) active matrix backplane for
visualizing the NIR image. Alternatively, the systems may use an optical
upconverter that is integrated with the charged-coupled devices (CCDs) as shown
in Figure 1.2(a). The fabrication of antimonide-based focal plane arrays in the
conventional NIR visualization systems is generally based on the indium bump
technology with limitations for use in flexible and large area NIR-to-visible
upconversion devices at low cost.[26–28]
To address the complex and costly ROIC processes, a III-V compound
semiconductor-based pixel-free upconversion device was attained for converting
the mid-infrared (1500 nm) electromagnetic wave to NIR (900 nm) light.[29] The
rare-earth ion doped Ge/GaAs heterojunction used in the pixel-free upconversion
device was prepared using an epitaxial growth approach. The concept of the pixelfree upconversion device provides a great inspiration for future development of the
pixel-free NIR-to-visible upconversion devices for imaging applications.
Continuous progresses have been made in improving the performance of the
integrated pixel-free NIR-to-visible upconversion devices using different
approaches. For example, the upconversion devices can convert the incoming
invisible NIR light to visible light emission over the visible light wavelength range
from 400 to 700 nm. The visualization of the NIR light without using e CCD
cameras is advantageous for the use in real-time monitoring and pixel-free imaging
systems. A pixel-free NIR-to-visible upconversion device also avoids the data
acquisition and processing, providing an alternative direct-view NIR imaging
system.
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An NIR-to-visible upconversion device includes an NIR PD unit and a
monolithically integrated visible LED unit, enabling the direct visualization of the
incident invisible NIR light as shown in Figure 1.2(b). In the NIR-to-visible
upconversion device, the NIR PD unit serves as one of the charge-injection layers
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 in
the presence of the NIR light. The visible light emission in the LED unit is observed
from 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. Likewise, the charge injection in the LED unit can be
suppressed in the absence of NIR light or reduced due to the decrease in
photocurrent in the NIR PD unit. For instance, the presence of NIR absorbing
materials can partially block the NIR light and lower the resultant photocurrent. The
upconverted visible light can then be emitted and penetrate through the (semi-)
transparent electrodes. The NIR image of the object projected on the NIR-to-visible
upconversion devices can be converted to visible image, which can be observed by
the naked eye.
The high-performance transparent NIR-to-visible upconversion devices are
promising in the development of imaging system in practical applications. For
optoelectronics, transparent electrodes are important for both light transmission and
charge injection.[30] The most common transparent electrodes in NIR-to-visible
upconversion

devices

include

ultra-thin

metals

such

as

dielectric/thin

metal/dielectric electrodes, silver nanowires and transparent conducting oxides.
These ultra-thin metals take the advantages of simultaneous high optical
transparency and good electric conductivity. The thickness of the ultra-thin metal,
e.g., silver (Ag), aluminum (Al) and gold (Au) contacts, is crucial for the balance
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of electrical and optical effects. For example, the Ag layer with a thickness of 10
nm to 15 nm has a good visible light transparency and is often used for making
transparent NIR visualization devices. However, these transparent conducting
oxides and ultrathin metal layers generally have relative low transparency over the
NIR region due to the plasma cutoff frequency, caused by the high charge carrier
density. Hence, the solution-processable large-area transparent NIR OPDs with a
high

conductivity

poly(3,4-ethylenedioxythiophene)-polystyrene

sulfonate

(PEDOT:PSS) upper transparent electrode has been demonstrated in this work,
which is favorable for use in transparent NIR-to-visible upconversion devices,
realizing the visualization of NIR light.

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.
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1.1.2.2 Image Sensors
The PD is a vital medium for converting optical signal to electrical signal
and thus has a great potential for application in target tracking, especially in
imaging technology. So far, the color imaging technologies have received
dramatic advances to double- and multi-spectral imaging, from single-color focal
array imaging and single-element imaging, which can achieve the RGB (red,
green, and blue) high quality color imaging.[31] The PD plays an important role
for applications in different types of image sensors. First, the single-band PDs
with broadband photoactive materials are used as shown in Figure 1.3(a). In
traditional way, they are commonly established with dissipative optical filters to
differentiate the specific spectral response in visible light region. However, these
optical filters could reduce the overall sensitivity of the PDs, cause the loss of
some spectral information, and increase the device cost.[32] Therefore, this
strategy might be inappropriate for obtain a high-quality color imaging in a cost
effective way. Second, filter-free single-mode PDs using narrowband
photoactive layers have been attempted, as shown in Figure 1.3(b). They have a
narrow spectral response via the material selection and device design. For
example, the quantum dots–based absorbers, the plasmonic grating design and
the PM phenomenon are commonly used to realize filter-free light detection in
the detector applications.[33] The performance of the filter-free PDs is always
limited by a trade-off between a high detectivity and a narrow spectral response,
which is still under study. However, these two types of single-mode PDs as
mentioned have limited potential in dual/multi-band imaging applications. For
the development of the dual/multi-color imaging technologies using the singlemode PDs, the system requires the integration of two or even more single
detection chips, causing issues of cumbersome optically aligned and
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incompatible to focal plane array process.[34] Third, the dual/multi-band PDs,
as shown in Figure 1.3(c), have recently received increasing interests. Realizing
dual-mode PDs with high detectivity in two distinct bands are very attractive for
different applications. However, the reports on spectral tunable OPDs are rather
rare.[35]
Dual-mode PDs comprise a stack of two functional photoactive layers and
two electrical contacts.[36,37] The spectral responses and properties of the dualmode PDs are mainly dependent on the absorption characteristics of the
photoactive materials and the optical profile across the device configuration.
Different types of photoactive materials have been reported to be used in the
dual-mode PDs, including inorganic Si-based semiconductors, III–V compound
semiconductors, colloidal quantum-dot, perovskites, and organic materials.[38]
By changing the bias polarity, two specific spectral responses in two distinct
bands over the wavelength region in electromagnetic spectrum can be
demonstrated. Previous studies on the dual-mode PDs are mainly focused on the
dual-color detection capacities in the region of NIR/short-wave IR (SWIR) or
visible light/NIR.[33,34,39–42] Most of them show the dual-spectra responses
using the primary PV effect in the device design. Under the PV effect, the PDs
have relative fast transient response because of better carrier transport in the
photoactive layers. However, this type of PDs has a limited EQE of < 100%. The
EQE is a figure of merit determining the performance of the PDs. Apart from the
requirements for the PDs including high responsivity, low noise, extended linear
dynamic range, and rapid response speed, the negligible crosstalk effect in the
dual spectral response is also a vital factor evaluating the performance of the
dual-mode OPDs.[38]
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Realization of the bias-switchable dual-mode crosstalk-free PDs with a high
responsivity in two distinct bands still face some technical challenges. Very
recently, the NIR and visible light dual-mode OPDs utilizing the concept of PM
effects have been demonstrated, which is possible to address the issues of the low
responsivity and detectivity in the PV-type dual-mode OPDs. The EQE of over
100% can be obtained for the PM-type OPDs. The spectral response behavior in
the PM-type OPDs can be controlled by adjusting the charge injection properties
at the material interfaces via carrier tunneling effect. In such a case, these PM/PM
type dual-mode OPDs exhibit a high specific detectivity (D*shot) of ~1011 Jones
in both NIR and visible light ranges.[42] The issues of low noise, relative slow
response speed and large driving voltage in PM/PM type dual-mode OPDs are
still an open challenge. In addition, reports on the dual-mode OPDs detecting the
dual-spectra responses in visible light are rather rare. The main challenge is to
how to obtain filter-free red, green, and blue color selective detection using
broadband OPDs. To obtain negligible crosstalk effect in their spectral responses,
the dual-mode OPDs using narrow absorbers or carrier tunneling effect have
been studied. The dual-mode OPDs equipped with a high detectivity and an
optical crosstalk-free spectra response is vital and promising for practical
applications, but the development of highly sensitive and crosstalk-free dualmode OPDs remains a challenge.[43] The previous research has mainly focused
on the dual-mode PDs using either only PV/PV or PM/PM effects in the device
architecture. In this work, we developed a novel PM/PV dual-mode OPD with a
unique spectral selective photodetection in two different wavelength ranges,
particularly over the visible light wavelength window, that can be operated by
adjusting the polarity of the biases. In the presence of the visible light,
photocurrent can be produced in the long wavelength-absorbing layer, due to the
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trap-assisted charge injection in the PM-type photoactive layer under a reverse
bias. The photocurrent can also be produced in the short wavelength-absorbing
layer through PV effect under a forward bias. The bias-switchable spectral
response dual-mode PM/PV OPD offers an attractive option for different
applications, such as security monitoring, detection and imaging. The operation
mechanism and the comprehensive analysis of the novel solution-processed
crosstalk-free PM/PV dual-mode OPDs and discussed. The color-selective
photodetection has been realized by the bias-modulated selective extraction of
the photogenerated charge carriers generated by the absorption of different
portions of the incoming light, in the PM/PV dual-mode OPDs. A biasswitchable color-selective PM/PV OPD has been examined for color imaging
process, demonstrating the capability of optical filter-free color-selective
photodetection for imaging applications.

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) filterfree dual/multi-mode OPD.
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1.2 Organization of The Thesis
This thesis has seven chapters, presenting a research background of the organic
photodetectors, as well as highlighting the technical challenges, device designs and
the development of the novel PM/PV dual-mode OPDs. The thesis also collects
recently reported data and a comprehensive analysis on the feasibility of the PV and
PM type OPDs for imaging applications.
Chapter 1 presents a review on recent progresses made in OPDs for imaging
applications, including upconversion devices and image sensors. The motivations
and objectives of this research work are also highlighted.
Chapter 2 discusses the theoretical simulation and experimental optimization
of OPDs, suppression of the leakage current in the perovskite LEDs (PeLEDs) and
the integration of PeLEDs into upconversion devices, including the details of the
material formulation and the device fabrication. A systematic material
characterization, device simulation and characterization has been carried out to
analyze the functionality and performance of the devices.
Chapter 3 discusses the PV type OPDs using ternary BHJ blend systems with
extended absorption in NIR wavelength range. The details of the optical simulation
and performance optimization of the NIR OPDs, in terms of the spectral response
and the noise current, the specific detectivity determined jointly by the first two, as
well as the response speed, are presented.
The performance of the transparent ternary BHJ NIR OPDs, including a
detailed study of the solution-processable upper transparent electrodes, is
showcased in Chapter 4. In parallel to the development of the transparent NIR
OPDs, the emission behavior improvement of the emerging PeLEDs, including
suppression of the leakage current and non-radiative recombination for achieving
high brightness and high photoluminescence (PL) quantum yield, has been
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investigated. The performance of the NIR-to-visible upconversion devices,
comprising a transparent NIR photodetection component and a PeLED emission
component, is also discussed.
Chapter 5 discusses the working mechanism and performance of PM type
OPDs. The underlying principle of the PM effect and the performance of the PM
type OPDs are discussed. The profiles of the optical field and charge generation in
the PM type OPDs have also been investigated.
Chapter 6 discusses the unique features of the bias-switchable color-selective
photodetection PM/PV dual-mode OPDs and their applications in color imaging.
The dual-mode OPDs comprise two BHJs connected in a back-to-back
configuration. The first BHJ responses to the short wavelength portion of the
incoming light, whereas the second BHJ responses to the long wavelength portion
of the incoming light. The crosstalk-free photoresponse of the dual-mode OPDs
have been demonstrated. They are highly sensitive for the light detection with a
narrow spectral response of < 500 nm operated under a forward bias, and a
wavelength window from 625 to 650 nm operated under a reverse bias. The
favorable color-selective photoresponse behavior of the dual-mode OPDs offers an
alternative option for high-resolution filter-free color image sensors.
Chapter 7 summarizes the outcomes of this research work. The scope of the
future work is also presented. The current image sensors use mainly broadband
inorganic photodetectors with specific red, green and blue color filters. The
combination of the color filters and the broadband inorganic PDs has a limitation
for application in flexible and high-solution image sensors. The development of
high-performance bias-switchable color-selective OPDs is a very promising
solution to overcome this technical challenge.
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Chapter 2: Experimental and Optical Simulation
2.1 Material Formulation and Device Fabrication
2.1.1 Preparation of Precursor Solutions
The functional organic photoactive and the perovskite semiconductor thin
films used in this research work were prepared using the solution fabrication
processes. The precursor solutions of the functional materials, which are kept and
weighted precisely in the nitrogen-purged glovebox, were formulated according to
the procedures widely adopted in the field or developed in our group[44,45]. The
functional materials were then dissolved and mixed in a desired volume of the
selected solvents using clear bottles. The precursor solutions were stirred under
mild heat to improve the solubility.
The details of precursor solutions prepared for the photoactive layers and other
functional layers used in the research work are described as follows:
(1) PTB7-Th:COi8DFIC:PC71BM precursor solution
Ternapoly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)2-carboxylate-2-6-diyl)],2,2’-[[4,4,11,11-tetrakis(4-hexylphenyl)-4,11dihydrothieno[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)]] and [6,6]-Phenyl-C71-butyric acid methyl ester
(PTB7-Th:COi8DFIC:PC71BM) precursor solution was prepared by dissolving
PTB7-Th, COi8DFIC and PC71BM in chlorobenzene (CB), with a weight ratio
of PTB7-Th to COi8DFIC to PC71BM of 1:1:0.5 (18 mg/mL). The precursor
solution was stirred at 50 oC overnight before use.
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(2) F8T2:PC61BM binary BHJ precursor solution
Poly(9,9-dioctylfluorene-alt-bithiophene and [6,6]-Phenyl-C61-butyric acid
methyl ester (F8T2:PC61BM) binary BHJ precursor solution with a concentration
of 18 mg/mL, was prepared in a weight ratio of F8T2 to PC61BM of 1:1 in CB.
The precursor solution was stirred at 50 oC overnight before use.
(3) P3HT:PC71BM binary BHJ precursor solution
Poly(3-hexylthiophene-2,5-diyl) (P3HT):PC71BM binary BHJ precursor solution
with a concentration of 60 mg/mL, was prepared with a weight ratio of P3HT to
PC71BM of 100:1 in CB. The precursor solution was stirred at 50 oC overnight
before use.
(4) CsPbBr3 based perovskite precursor solution
Cesium Lead Bromide (CsPbBr3) precursor solution was prepared by dissolving
lead (II) bromide (PbBr2) and cesium bromide (CsBr), with a molar ratio of
1:1.86, in dimethyl sulfoxide (DMSO), and stirred at 50 oC for 3 h. Poly(ethylene
oxide) (PEO) solution was prepared by dissolving PEO in DMSO (10 mg/mL).
The cesium carbonate (Cs2CO3) solution was prepared by dissolving Cs2CO3 in
DMSO (1.7 mg/mL). The mixture CsPbBr3–PEO precursor solution was
formulated by combining the CsPbBr3 precursor solution and PEO solution in a
volume ratio of 10:1. The mixture CsPbBr3−Cs2 CO3 precursor solution was
formulated by combining the CsPbBr3 precursor solution and Cs2CO3 solution in
a volume ratio of 10:1. The CsPbBr3 precursor solution with a hybrid additive of
PEO and Cs2CO3 was formulated by mixing the CsPbBr3 precursor solution, PEO,
and Cs2CO3 solutions in a volume ratio of 5:1:1. The precursor solutions were
pre-heated at 50 oC or 30 min for improving the solubility and cooled down to
the room temperature before they were used for device fabrication.
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(5) Solution for PEDOT:PSS upper electrode
PEDOT:PSS solution was prepared by mixing PEDOT:PSS (Clevios PH1000)
with 1 wt% polyethylene glycol (PEG) and 5 wt% ethylene glycol (EG).
(6) PDMS solution
A flat polydimethylsiloxane (PDMS) mold was prepared using the PDMS
solution by mixed the elastomer and curing agent solution in a ratio of 10:1.
(7) Synthesis of ZnO and MoO3
Zinc oxide (ZnO)[46] and molybdenum oxide (MoO3)[47] precursor solution
was formulated following the procedure reported in a previous work.

2.1.2 Device Fabrication
For substrate preparation, the prepatterned indium tin oxide (ITO)/glass
substrates with a sheet resistance of 10 Ω/square were cleaned by an ultrasonication
sequentially with detergent, distilled water, acetone, and isopropanol, each for 30
min, before being dried using a pure nitrogen (N2) gas stream and stored in the dry
box before use. For the deposition of certain materials, such as PEDOT:PSS, the
surface of the ITO/glass substrates was modified using a ultraviolet (UV)-ozone
plasma treatment, as shown in Figure 2.1(a) for 10 min prior to further spin-coating
and evaporating procedures. For the water containing solution such as PEDOT:PSS,
the spin-coater (Laurell WS-650Mz-23NPP) as shown in Figure 2.1(b) , placed
outside the N2-filled glovebox, was used for spin-coating deposition. For the
organic-solvent containing solution, the spin-coated deposition processes for device
fabrication were conducted in the N2-filled glovebox (MBRAUNMB 20/200) with
ultra-low oxygen (O2) and water (H2O) level of <0.1 ppm, as shown in Figure 2.1(c).
The thickness of the functional layers in the devices can be easily adjusted by
changing the spin-coating speed. After the preparation of all spin-coated layers, the
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devices are transferred to the adjacent high vacuum evaporation system equipped
with a pretreatment chamber, an evaporation chamber and a sputtering chamber as
shown in Figure 2.1(d), to conduct other thin film evaporation deposition with
specific masks. Finally, the complete devices were encapsulated inside the
glovebox using the encapsulation system as shown in Figure 2.1(e) before being
taken out for performance characterization.
Different procedures of the device fabrication used in the research work are
described as follows:
(1) PTB7-Th:COi8DFIC:PC71BM photoactive layer
The PTB7-Th:COi8DFIC:PC71BM photoactive layer was deposited by spin
coating the as-prepared solution at a rotation speed of 2000 rpm for 60 s followed
a postdeposition annealing at 100 oC for 10 min.
(2) F8T2:PC61BM binary BHJ photoactive layer
The F8T2:PC61BM binary BHJ photoactive layer was deposited using the
precursor solution by spin-coating at a rotation speed of 2000 rpm for 60 s
without any annealing process.
(3) P3HT:PC71BM binary BHJ photoactive layer
The P3HT:PC71BM binary BHJ photoactive layer was prepared by lamination
transfer approach using a flat PDMS mold. For the lamination transfer method,
the P3HT:PC71BM binary BHJ photoactive layer was firstly deposited on a
silicon wafer, then peeled from the wafer using a PDMS mold and finally
attached to the underlying layer. Subsequently, the stacked layers were annealed
at 80 oC for 10 min with slight pressure for better contact. The PDMS mold was
removed carefully from the stacked layer.
(4) CsPbBr3 emission layer
The CsPbBr3 emission layer (EML) was coated by spin-coating at a rotation
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speed by spin-coating at 3000 rpm for 60 s, followed by an in situ annealing at
70 oC for 5 min.
(5) PEDOT:PSS upper electrode
A PEDOT:PSS (Clevios PH1000) layer was spin-coated first on the PDMS mold
in air without any annealing process. The PEDOT:PSS layer was then transferred
onto the surface of the underlayer using a lamination transfer approach, forming
a layer stack.
(6) PEDOT:PSS layer
A PEDOT:PSS (Clevios P AI 4083) hole-transporting layer (HTL) was coated on
the substrate by spin-coating at a rotation speed of 2500 rpm for 50 s and then
annealed at 140 oC for 10 min.
(7) MoO3:PEDOT:PSS layer
MoO3:PEDOT:PSS mixed solution with a volume ratio of MoO3 to PEDOT:PSS
(Clevios Al4083) of 10:3, was directly spin-coated on the underlayer at a rotation
speed of 3000 rpm for 60s without any annealing process.
(8) ZnO layer
A ZnO electron-transporting layer (ETL) was deposited by spin-coating at a
rotation speed of 2500 rpm for 50 s. These ZnO-coated samples were then
transferred to a vacuum chamber to remove the residual organic solvents for >5
min.
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Figure 2.1 Flow chart with photos of (a) UV-ozone plasma, (b) the Laurell Ws650Mz-23NPP spin coater used for thin-film preparation, synthesized by water
containing solution, (c) the N2-purged gloveboxes equipped with spin coaters used
for thin-film preparation from organic-solvent containing solutions, (d) the high
vacuum evaporation system, and (e) the encapsulation system.

2.2 Material Characterization
The material and thin film characterizations are important techniques to show
the details of semiconducting thin film. UV−visible absorption spectroscopy and
scanning electron microscopy (SEM) are the general techniques for analysis of the
electronic and morphological properties of the materials and their thin films.

2.2.1 UV−Visible Absorption Spectroscopy
The absorption spectra of the materials and their thin films were measured
using a UV−visible absorption spectroscopy (Shimadzu, UV-2450) as shown in
Figure 2.2(a). The spectrometer measures the reflection or transmission properties
of the materials as a function of wavelength. This measurement can provide
information of the absorption coefficient and the bandgap of materials, which are
necessary for the optical and electrical design of the device architecture.
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2.2.2 Scanning Electron Microscopy
The surface morphological properties and interfacial contact of the materials
and thin films have been measured using the SEM characterization (LEO 1530
Field Emission) as shown in Figure 2.2(b). The surface morphology of thin films
provides vital information about interfaces formed between two layers.

Figure 2.2 Material and thin film characteristics of (a) absorption spectroscopy and
(b) SEM system.

2.3 Device Simulation and Characterization
The noise current, specific detectivity and response speed are crucial
parameters that determines the overall performance of photodetectors. The curve of
current-luminance-voltage is a vital parameter to determine the performance of
emission devices. A list of measurements and characterizations that have been used
to evaluate the performance of these devices are introduced as follows.

2.3.1 Noise Spectral Density
The noise spectral density was measured using an SRS model SR570 preamplifier and an SRS model SR770 fast Fourier transform (FFT) spectrum analyzer
as shown in Figure 2.3. The noise spectra were acquired under dark condition or
illumination of certain wavelengths. The noise current has three main types: shot
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noise, thermal noise and flicker noise.[48,49] The noise current was obtained from
the characterization of noise current spectra density using a FFT spectrum
analyzer.[50–52] The noise level measured from the devices can be used for
calculating the specific detectivity and determining the dynamic range and
minimum weak light detection capacity.

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.

2.3.2 EQE Measurement
The EQE system is built with a xenon lamp, a Stanford Research System (SRS)
model SR830 lock-in amplifier and a Bentham TMc300 single monochromator as
illustrated in Figure 2.4. The EQE spectra of samples are measured under
monochromatic light, which is calibrated using a standard silicon photodiode.
During the measurement, the monochromatic light outputted from the xenon lamp
is chopped at a fixed frequency of ~133 Hz using a chopper. The current signal
generated from the samples is recorded by the lock-in amplifier, with the chopped
monochromatic light source. The data are collected and processed using a LabView
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control program. The EQE is a measure of the optical-to-electrical conversion
efficiency of the photodetection devices as a function of wavelength ranging from
300 nm to 1000 nm. It can be calculated by the ratio of the number of the
photogenerated charge carriers to the number of the incident photons with or
without external bias. The equation of EQE can be expressed as follows:
𝐼𝑙𝑖𝑔ℎ𝑡 −𝐼𝑑𝑎𝑟𝑘
𝑞
𝑃𝑙𝑖𝑔ℎ𝑡

𝐸𝑄𝐸 =

,

(1)

ℎ𝑣

where 𝐼𝑙𝑖𝑔ℎ𝑡 is the photocurrent generated under illumination, 𝐼𝑑𝑎𝑟𝑘 is the dark
current in the absence of light, 𝑃𝑙𝑖𝑔ℎ𝑡 is the power of the incident light, 𝑞 is the
electron charge, ℎ is the Planck constant and 𝑣 is the frequency of light. The
responsivity (R) and D* of the devices can be obtained from the recorded EQE. D*
is a function of R and noise of the devices.

Figure 2.4 Schematic diagram of the EQE system with a xenon lamp, an SRS lockin amplifier (model SR830) and a Bentham TMc300 single monochromator.

2.3.3 Photoresponse Characterization
The steady-state photoresponse (photosensitivity) is measured by the steady22

state photoresponse characterization system, which includes a source meter
(KEITHLEY 2400), an optical attenuator (THORLABS) and an optical power
meter (THORLABS) as shown in Figure 2.5. The source meter connected with the
sample and the LabView control program, is used to measure the current signal of
the samples under light illumination or in dark. The light intensity of incident light
is controlled by the optical attenuator, which is calibrated using a optical power
meter. The photosensitivity of the samples is measured from the photo-switching
ratio of the current signal under illumination to that in dark. The equation of
photosensitivity can be expressed as follows:
𝑃=

𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘
,
𝐼𝑑𝑎𝑟𝑘

(2)

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).

The transient photoresponse of the samples is measured by the transient
photoresponse characterization system, which is equipped with a commercial LEDs
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(purchased from Thorlabs), an SRS function generator (model DS345), an
oscilloscope (Tektronix MDO3052). and an MANSON MPD-3030 dc regulated
power supply as shown in Figure 2.6. The photoresponse time and -3 dB cutoff
frequency are important parameters for evaluating the detection speed of devices.
The photoresponse time of the OPDs, which includes the rise time (Tr) and the
falling time (Tf), indicates the response speed of the OPDs to the incident light
radiation.

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
MPD-3030 dc regulated power supply.
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2.3.4 J−L−V Measurement System
The current−luminance−voltage (J−L−V) and the EL characteristics of
samples were analyzed at room temperature using an integrated system with a
spectral colorimeter (Photo Research Inc., Model 650 spectrophotometer) and a
source meter (KEITHLEY 2400) as shown in Figure 2.7. The power efficiency and
the luminous efficiency can be obtained from the J−L−V and EL measurements;
they are also used for evaluating the performance of the emission devices, e.g.,
PeLEDs and NIR-to-visible upconversion devices.

Figure 2.7 The integrated J−L−V measurement system equipped with a spectral
colorimeter (Photo Research Inc., Model 650 spectrophotometer) and a source
meter (KEITHLEY 2400), used for EL characteristics.

2.3.5 Optical Admittance Analysis
The profile of the optical absorption in the OPDs was analyzed using optical
admittance analysis. The optical constants, e.g., the wavelength-dependent
refractive indices n() and extinction coefficients k() of the functional materials
measured using the ellipsometry, have been used for device simulation performed
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with the “gpvdm” software. For example, the optical constants, n() and k(),
obtained for the F8T2:PC61BM and P3HT:PC71BM binary BHJ photoactive layers
are plotted in Figures 2.8(a) and 2.8(b). The profile of optical field distribution and
photon absorption as a function of wavelength in the device can be obtained. For
the analysis of photon absorption, it is assumed that one photon detected by the
devices generates one electron. This model can provide the properties of carrier
injection in the devices under the illumination at a particular wavelength.

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.
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Chapter 3: Organic Photovoltaic Detectors
3.1 Optimization of the Functional Layers
The NIR OPDs comprise a PTB7-Th:COi8DFIC:PC71BM ternary BHJ
photoactive layer that is prepared from the PTB7-Th:COi8DFIC:PC71BM precursor
solution formulated with a weight ratio of PTB7-Th to COi8DFIC to PC71BM of
1:1:0.5.[50] The molecular structures of PTB7-Th, COi8DFIC and PC71BM are
shown in Figure 3.1(a). The absorption spectra measured for an 85 nm thick ternary
PTB7-Th:COi8DFIC:PC71BM photoactive layer and a 10 nm thick ZnO ETL are
shown in Figure 3.1(b). The ternary PTB7-Th:COi8DFIC:PC71BM photoactive
layer exhibits a peak absorption at 854 nm, and a weak absorption over the visible
light wavelength range, qualifying itself a suitable candidate for use in transparent
NIR OPDs. The use of the ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer
is to take advantage of its high NIR absorption and low visible light absorption
characteristics.

Therefore,

OPDs

comprising

a

ternary

PTB7-

Th:COi8DFIC:PC71BM photoactive layer have a higher NIR responsivity as
compared to that of the OPDs with a photoactive layer based on a binary system,
such as PTB7-Th:COi8DFIC and PTB7-Th:PC71BM. The schematic energy level
diagram

of

the

functional

materials

used

in

the

ternary

PTB7-

Th:COi8DFIC:PC71BM NIR OPDs is shown in Figure 3.1(c). The ZnO ETL also
acts as a hole-blocking layer for achieving a low dark current, due to its deep
valence band of > -7.70 eV. The thickness of the ternary BHJ photoactive layer has
a great impact on the performance of the NIR OPDs by affecting the device
transparency. The transmission spectra measured for the NIR OPDs with different
ternary BHJ photoactive layer thicknesses of 75 nm, 85 nm, 105 nm and 120 nm
are shown in Figure 3.1(d). The result clearly reveals that the increase in the
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thickness of the ternary BHJ photoactive layer decreases the transparency of the
NIR OPDs.

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.

3.2 Performance of NIR Organic Photodetectors
3.2.1 Spectra Response
The NIR OPDs with a configuration of glass/ITO/ZnO (10 nm)/PTB7Th:COi8DFIC:PC71BM/ MoO3 (5 nm)/Al (100 nm), were fabricated. A 5 nm thick
MoO3 layer acts as the HTL. The cross-sectional view of an opaque ternary PTB728

Th:COi8DFIC:PC71BM NIR OPD is shown in Figure 3.2(a). The R spectra of the
NIR OPDs having different photoactive layer thicknesses of 75 nm, 85 nm, 105 nm
and 120 nm, were measured without bias as shown in Figure 3.2(b). The R is defined
as the ratio of photocurrent generated in the OPD to the optical power of the incident
light, which is associated with the photon to charge conversion efficiency and can
be calculated using the following equation:
𝑅 =

𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘
,
𝑃𝑙𝑖𝑔ℎ𝑡

(3)

where 𝐼𝑙𝑖𝑔ℎ𝑡 is the photocurrent under illumination, 𝐼𝑑𝑎𝑟𝑘 is the dark current in
the absence of light, 𝑃𝑙𝑖𝑔ℎ𝑡 is the power of the incident light. Simply, the 𝑅 can
be also derived from the measured EQE as shown in the following equation:
𝑅=

𝐸𝑄𝐸 × 𝜆
(unit: A/W),
1240

(4)

where 𝜆 is the corresponding wavelength (nm). The increase in the thicknesses of
the ternary BHJ layers decreases the 𝑅 of the NIR OPDs. The photoactive layer
thickness was selected for achieving high NIR responsivity and light transparency
simultaneously.
In this work, we found that the NIR OPD having an 85 nm thick ternary PTB7Th:COi8DFIC:PC71BM photoactive layer had a combination of a high NIR
responsivity and a high light transparency. R, measured for the NIR OPD
comprising an 85 nm thick photoactive layer, without bias and operated under
different reverse biases of -0.5 V and -1.0 V, are shown in Figure 3.2(c). R spectra
measured for the NIR OPD without bias and operated under different reverse biases
are almost identical, with a peak R of 0.41 A/W at 890 nm. The result shows that
the

ternary

PTB7-Th:COi8DFIC:PC71BM

OPDs

have

a

self-powered

photodetection feature due to the PV effect. The current‒voltage (I‒V)
characteristics, measured for the NIR OPD under an NIR (850 nm) illumination
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with an intensity of 10 mW/cm2 and in the dark, are shown in Figure 3.2 (d). The
photocurrent measured for the NIR OPD operated under a reverse bias is two orders
of magnitude higher than its dark current. This self-powered NIR OPD, operated
without bias, has a photocurrent of 1.01  10-4 A, which is about six orders of
magnitude higher than that of the dark current (2.55  10-10 A). The self-powered
OPDs[53] are very useful for applications in different monitoring systems, optical
communications, wireless appliances and Internet-of-things (IoT).[6,53–56]

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.
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3.2.2 Noise Current and Specific Detectivity
D* is a function of R and noise of the OPDs and indicates the sensitivity of the
OPDs to weak optical signals. The noise in the OPDs includes shot noise, thermal
noise, and flicker noise. The flicker noise is a low-frequency noise that is negligible
at frequencies above 100 Hz. The thermal noise is usually dominant in the OPDs
prepared using small bandgap organic semiconductors, absorbing the photons with
wavelengths longer than 1000 nm.[39] The thermal noise becomes more prominent
for NIR OPDs operated without bias. In comparison to the thermal noise, the shot
noise dominates in the OPDs operated at a reverse bias. D* of the OPDs can be
calculated by taking into account the noise current spectral density (Sn) of the
photodetectors in dark and without bias, which can be obtained using a FFT
spectrum analyzer, as shown in the following equation:
𝐷∗ =

√𝐴𝐵
𝑖𝑛

∙𝑅 =

√𝐴
𝑆𝑛

∙ 𝑅,

(5)

where 𝑖𝑛 is the noise current, 𝑆𝑛 is the signal current in A Hz -1/2, A is the active
device area of the OPD in cm2 and B is the bandwidth in Hz.
The noise current signals in dark measured for the system and the NIR OPDs,
having photoactive layer thicknesses of 75 nm, 85 nm, 105 nm, and 120 nm without
bias have been plotted in Figure 3.3(a). The noise current signals of the OPDs with
photoactive layer thicknesses of 85 nm, 105 nm and 120 nm are almost identical,
with an intensity of ~2  10-13 A Hz-1/2 at a frequency of 133 Hz. The decrease in
the thickness of the ternary BHJ photoactive layer increases the noise current signal
of the NIR OPDs. The NIR OPD with a 75 nm thick photoactive layer has a higher
noise current signal with an intensity of ~6  10-13 A Hz-1/2 at the frequency of 133
Hz. The relatively higher noise current signals of devices are not beneficial for
achieving better sensitivity of the NIR OPDs. D* spectra of the NIR OPDs,
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comprising photoactive layer thicknesses of 75 nm, 85 nm, 105 nm, and 120 nm
without bias are shown in Figure 3.3(b). The result illustrates that the increase in
the thickness of the photoactive layer increases the D* of the NIR OPDs. A D* of
4.2  1011 Jones was obtained for the NIR OPDs with an 85 nm thick photoactive
layer at 850 nm.

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.

3.2.3 Response Speed
The frequency response and response time are important parameters that
determine the detection capability of the OPDs. The -3 dB cutoff frequency is
commonly used to determine the photoresponse speed of the photodetectors. The 3 dB cutoff frequency is the frequency of light under which the photoresponse is
70.8% of that measured under continuous light. A set of relative photoresponse
characteristics measured for the NIR OPDs, having different photoactive layer
thicknesses of 75 nm, 85 nm, 105 nm and 120 nm, without bias and under the
illumination of a modulated NIR (870 nm) LED light, are presented in Figure 3.4(a).
The increase in photoactive layer thicknesses of the NIR OPDs from 75 nm to 105
nm, increase the -3 dB cutoff frequencies of NIR OPDs. However, the -3 dB cutoff
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frequency measured for the NIR OPD with a comparatively thicker (120 nm)
photoactive layer trends to decrease, which may be due to the recombination loss
occurring within the devices.[5] The NIR OPDs, having an 85 nm thick photoactive
layer can obtain the -3 dB cutoff frequency of 451 kHz without bias. In addition,
the photoresponse time of the OPDs, which includes the Tr and the Tf, indicates the
response speed of the OPDs to the incident light radiation. A series of transient
photoresponses of the NIR OPDs, comprising an 85 nm thick photoactive layer,
without bias and under the illumination of a modulated NIR (870 nm) LED light
with different modulation frequencies of 1 kHz, 10 kHz, 100 kHz and 500 kHz,
were measured as shown in Figure 3.4(b). At a frequency of 100 kHz, the
photoresponse time of 3 µs is obtained from the NIR OPDs.
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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.
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Chapter 4: Transparent Organic NIR Photodetectors and
Application
4.1 Solution-processable Upper Transparent Electrodes
The solution-processable transparent electrodes with a high electric
conductivity and a high optical transparency over the visible light to NIR
wavelength region are essential for high-performance transparent NIR OPDs. The
transparent NIR OPDs can be integrated with the visible light-emitting units, such
as PeLEDs, for applications in NIR-to-visible upconversion devices,[20,57,58] and
a multi-spectral imaging system.[59] The NIR image of the object created on the
NIR-to-visible upconversion devices can be then converted to visible image and
captured by the CMOS imaging sensors used in the digital image formation.
Transparent electrodes can be prepared by vacuum deposition and solutionprocess fabrication processes. Thin films of transparent conductive oxides, e.g.,
ITO, ultrathin metal layers, and dielectric/thin metal/dielectric layers are often
prepared by vacuum process. Solution-processable metal nanocomposites, e.g., Ag
nanowires, carbon nanotubes, graphene and conducting polymer thin films[30,60–
64] have been adopted for applications in PDs, LEDs, and organic solar cells. The
transparent conducting oxides and ultrathin metal layers generally have relative low
transparency over the NIR region due to the plasma cutoff frequency, caused by the
high charge carrier density. The polymeric based transparent electrodes can be
fabricated by different solution fabrication processes, such as spin-coating, spray
coating, blading coating, and roll-to-roll printing, having a good mechanical
flexibility, a high transparency over the visible to NIR wavelength range for use for
applications in large-area electronic devices at low cost.[65] The surface electronic
properties of the PEDOT:PSS layer can be adjusted through appropriate doping for
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improving the interfacial energy level alignment at the PEDOT:PSS/organic
functional layer interface in the transparent OPDs.[66,67]
The effect of solution-processable highly transparent conductive PEDOT:PSS
upper electrode on the performance of the PTB7-Th:COi8DFIC:PC71BM-based
NIR OPDs has been analyzed. A PEDOT:PSS interlayer or transparent electrode
has been often used in a variety of organic electronic devices. The transparent OPDs
with a solution-processable high conductivity PEDOT:PSS upper transparent
electrode have a unique application in large-area transparent OPDs. Different
additives of PEG and EG were added in the PEDOT:PSS precursor solution for
improving the electric conductivity of the PEDOT:PSS film. In order to avoid the
possible deterioration to the underlying function layers, a conducting PEDOT:PSS
contact on the organic photoactive layer was prepared using a lamination transfer
process in this work. The schematic illustration of forming a PEDOT:PSS upper
transparent electrode on the surface of a ternary PTB7-Th:COi8DFIC:PC71BM
photoactive layer using a lamination transfer fabrication process is shown in Figure
4.1. A 165 nm thick PEDOT:PSS layer was first coated on the PDMS mold by spincoating in air. The PEDOT:PSS layer was then transferred onto the surface of the
ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer by lamination transfer
using the PDMS mold. The deposition of the PEDOT:PSS upper transparent
electrode through a lamination transfer process avoids the possible damage to the
underlying ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer, which would
otherwise occur in the continuous solution fabrication processes due to the solvent
effect. The combination of spin-coating and lamination transfer processes
developed in this work provide a very efficient, energy-saving and low-cost device
fabrication process. The approach can also be extended to combine other solution
fabrication processes, including inkjet printing and roll-to-roll printing, for
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fabricating large-area high performing OPDs at a low cost.[68]

Figure 4.1 A flow chart showing the deposition of a PEDOT:PSS upper transparent
electrode on the surface of a ternary PTB7-Th:COi8DFIC:PC71BM photoactive
layer using a lamination transfer process.

4.2 Optical Optimalization of Transparent Organic Photodetectors
The cross-sectional view of a transparent NIR OPD, comprising a layer
configuration of glass/ITO/ZnO (10 nm)/PTB7-Th:COi8DFIC:PC71BM (85
nm)/PEDOT:PSS (165 nm), is shown in Figure 4.2(a). Different upper transparent
electrodes, including transparent conductive oxides (e.g., ITO), dielectric/thin
metal/dielectric layers, e.g., MoO3/Ag (10 nm)/N,N’-Di(1-naphthyl)-N,N’diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB), metal nanocomposites, e.g., Ag
nanowires (NWs) and polymeric transparent electrodes, e.g., PEDOT:PSS[30,60],
have been adopted for applications in different organic electronic devices. The
transmission spectra measured for different transparent upper electrodes are shown
in Figure 4.2(b). Transparent electrodes with a high transparency in visible and NIR
light range, are desired for use in transparent NIR OPDs. As shown in Figure 4.2(b),
the MoO3/Ag (10 nm)/NPB (50 nm) electrode has a relatively poorer transparency
over the NIR light range. Apart from the fabrication process comparability, the
optical transparency and electric conductivity of the dielectric/thin metal/dielectric
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layer is dependent on the thickness of the metal film. NIR transparency of the
ultrathin metal layer decreases rapidly with increase in its layer thickness. Thin
films of Ag NWs and ITO based transparent electrodes have a good electric
conductivity and an average transparency of >90%. Solution-processed Ag NWsbased transparent electrodes have a relatively rough surface. A surface passivation
is needed to improve its adhesion to the underlying functional layers or substrates.
ITO layer is one of the most frequently used transparent electrodes because of its
excellent electronic conductivity and optical transparency. However, ITO layer is
not an ideal choice for applications in large-area flexible or foldable electronic
devices.
The high conductive PEDOT:PSS upper electrode provides an attractive
option for applications in large-area flexible organic electronic devices, due to its
compatible fabrication processes, high optical transparency, high electric
conductivity, and excellent mechanical flexibility. PEDOT:PSS layer also has a
unique high transparency over the NIR wavelength range, which is very suitable
for use in transparent NIR OPDs.[67] The electric conductivity of the PEDOT:PSS
layer can be easily adjusted by incorporating the high boiling point polar
compounds or solvents, for example, ethylene glycol, diethylene glycol, glycerol,
dimethyl sulfoxide, mannitol and sorbitol.[66] The visible light transparency and
electric conductivity of the PEDOT:PSS layer are dependent on its thickness, as
shown in Figure 4.2(c). Transparent electrodes with a high electric conductivity are
critical for determining the performance of the transparent optoelectronic
devices.[69,70] In this work, a 165 nm thick PEDOT:PSS upper electrode was
optimized for the transparent NIR OPDs, achieving simultaneous high NIR
responsivity and high visible light transparency. The electric conductivity of the
PEDOT:PSS upper transparent electrode is around 260 S/cm. The transparency of
38

92% is obtained for a 165 nm thick PEDOT:PSS film at 550 nm and 850 nm, which
is suitable for application in transparent NIR OPDs.
The transmission spectra measured from the ITO side and PEDOT:PSS side
of the transparent NIR OPDs are shown in Figure 4.2(d), showing a very similar
transparency behavior. The average visible transmittance (AVT) of the transparent
OPDs can be calculated using the following equation:
780 𝑛𝑚

𝐴𝑉𝑇 =

∫380 𝑛𝑚 𝑇(𝜆)𝑃(𝜆)𝑆(𝜆)𝑑(𝜆)
780 𝑛𝑚

∫380 𝑛𝑚 𝑃(𝜆)𝑆(𝜆)𝑑(𝜆)

,

(6)

where T() is the wavelength dependent transmission spectrum measured for the
OPDs, P() is the luminous-efficacy function of the human eye, and S() is the
incident light correction factor. The AVT of 57.6% was obtained for the transparent
NIR OPDs measured from the ITO side. The AVT of 55.5% was obtained for the
transparent NIR OPDs measured from the PEDOT:PSS side. The relatively low
transparency at a wavelength of 850 nm is due to the peak absorption of the ternary
PTB7-Th:COi8DFIC:PC71BM photoactive active layer.

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

4.3 Performance of Transparent Organic NIR Photodetectors
Apart from of the high optical transparency and electric conductivity of the
upper transparent electrodes, a low dark current is another important factor for
achieving a high photosensitivity of the transparent OPDs. I−V characteristics
measured for the 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) are shown in Figure 4.3(a). The self-powered transparent
NIR OPDs with a 165 nm thick PEDOT:PSS upper transparent electrode have a
comparable dark current as compared to that of a control opaque OPD of 10 -10 A,
which is 1-2 orders of magnitudes lower than the dark current measured for the selfpowered transparent NIR OPDs made with two types of transparent dielectric/thin
metal/dielectric upper electrodes, e.g., MoO3 (5 nm)/Ag (10 nm)/NPB (50 nm) and
MoO3 (5 nm)/Ag (10 nm)/ITO (160 nm). The results reveal that the dark current in
the self-powered PTB7-Th:COi8DFIC:PC71BM ternary BHJ NIR OPDs is closely
associated with the charge transfer properties at the photoactive/upper electrode
interface, as the set of the NIR OPDs have the same front ITO contact.[65] I‒V
characteristics measured for the transparent OPDs, with a 165 nm thick
PEDOT:PSS upper transparent electrode, in dark and under an NIR (850 nm) light
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illumination with an intensity of 10 mW/cm2, are presented in Figure 4.3(b). The
results show that the transparent NIR OPDs with a 165 nm thick upper transparent
electrode and a control opaque OPD, as shown in Figure 4.3(b), have a comparable
photosensitivity. Similar I−V characteristics have also obtained from the ITO side
and the PEDOT:PSS side of the transparent NIR OPDs, measured under an NIR
(850 nm) light illumination with an intensity of 10 mW/cm2. Photocurrent−light
intensity characteristics measured from the ITO side and the PEDOT:PSS side of
the transparent NIR OPD, operated under a reverse bias of -1.0 V, under the
illumination of an NIR (850 nm) light with an intensity of 10 mW/cm2 are shown
in Figure 4.3(c). The linear dynamic range (LDR) is defined as the linear light
intensity dependence of the photocurrent of the OPD in presence of the NIR light.
LDR is a figure-of-merit for the OPDs in different applications, describing the
reliable responsivity of the photodetectors over a broad light intensity range. LDR
can be obtained using the following equation:
𝐿𝐷𝑅 = 20𝑙𝑜𝑔

𝐼𝑢𝑝𝑝𝑒𝑟
,
𝐼𝑙𝑜𝑤𝑒𝑟

(7)

where 𝐼𝑢𝑝𝑝𝑒𝑟 and 𝐼𝑙𝑜𝑤𝑒𝑟 are the maximum and minimum photocurrent limits of
the targeted light intensities that the photodetector can be obtained in a specific
detection range. LDR of 154 dB is obtained for the transparent NIR OPDs, as shown
in Figure 4.3(c), measured under the illumination of an NIR (850 nm) light over an
intensity range from 5  10-7 to 10 mW/cm2.
A shot-noise-limited specific detectivity (D*shot) is a figure of merit of the
OPDs operated under a reverse bias. The shot noise, 𝑖𝑠ℎ𝑜𝑡 = √2𝑒𝐼𝑑𝑎𝑟𝑘 𝐵, can be
adopted for calculating D*shot of the transparent NIR OPDs operated under a reverse
bias because the shot noise had a major contribution under a reverse bias, where
𝐼𝑑𝑎𝑟𝑘 is the dark current, e.g., 1.36  10-8 A/cm2 measured for the transparent NIR
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OPDs operated under a reverse bias of -0.1 V. B is the normalized bandwidth,
derived by measuring the dark current of the OPDs.[42] Therefore, in this work, the
dark current is adopted for calculating D*shot of the OPDs using the following
equation:
𝐷 ∗ 𝑠ℎ𝑜𝑡 =

√𝐴
√2𝑒 ∙ 𝐼𝑑𝑎𝑟𝑘

∙𝑅 =

𝑅
√2𝑒 ∙ 𝐽𝑑𝑎𝑟𝑘

,

(8)

where e is the elementary electron charge and 𝐽𝑑𝑎𝑟𝑘 is current density in dark. A
D*shot of 4.06  1012 Jones, measured from the ITO side, and a D*shot of 2.98  1012
Jones, measured from the PEDOT:PSS side, were obtained for the transparent NIR
OPDs at 850 nm, as shown in Figure 4.3(d), revealing the high-performance of the
transparent NIR OPDs made with a PEDOT:PSS upper transparent electrode.

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), MoO 3 (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
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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.

The performance uniformity of the large-area transparent NIR OPDs was
analyzed using a set of structurally identical transparent NIR OPDs having different
active areas of 2.0 mm  2.0 mm, 1.0 cm × 1.0 cm and 1.6 cm × 1.6 cm. As shown
in Figure 4.4(a), a self-powered 2.0 mm  2.0 mm-sized transparent NIR OPD has
a peak R of 0.21 A/W at 865 nm, measured from the PEDOT:PSS side. A peak R of
0.28 A/W at 865 nm is obtained from the ITO side of the same transparent NIR
OPD, operated under the self-powered mode or under a reverse bias of -1.0 V. R
spectra measured from the ITO side and the PEDOT:PSS side of a 1.0 cm  1.0 cmsized transparent NIR OPD, as shown in Figure 4.4(b), are that same as the ones
obtained for a 2.0 mm  2.0 mm-sized transparent NIR OPD. R spectra measured
from the ITO side and the PEDOT:PSS side of a 1.6 cm  1.6 cm-sized transparent
NIR OPD are shown in Figure 4.4(c), which are similar to the ones measured for a
2.0 mm  2.0 mm-sized transparent NIR OPD. The results show that the
PEDOT:PSS upper transparent electrode, prepared by the lamination transfer
process, is suitable for making large-area high-performance transparent NIR OPDs.
An obvious higher peak R of 0.37 A/W at 865 nm was obtained for the transparent
NIR OPD in the presence of a white paper reflector, which is more than 20% higher
than that of the OPD measured in the absent of a white paper reflector (0.30 A/W).
The value of the enhanced peak R of 0.37 A/W, obtained for the transparent NIR
OPD in the presence of a white paper reflector, is close to the performance of the
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control opaque NIR OPD. This suggests that the large-area transparent NIR OPD
also has the capability of detecting the scattered or reflected background NIR,
which can be a useful function for applications in large-area environmental
detection and security monitoring. The inset in Figure 4.4(d) is the photo taken for
a large-area transparent NIR OPD with a layer configuration of glass/ITO/ZnO (10
nm)/PTB7-Th:COi8DFIC:PC71BM (85 nm)/PEDOT:PSS (165 nm). R spectra
measured over different locations, indicated by the red, green, black and blue dots,
on a 1.6 cm  1.6 cm-sized transparent OPD are shown in Figure 4.4(d). The largearea transparent NIR OPDs have a fabulous uniform performance over the entire
active area. A summary of the photoactive layers, upper transparent electrodes,
deposition processes, transparency of the upper transparent electrodes, R, D*shot,
and active areas of different transparent OPDs is listed in Table 1. It becomes very
clear that the transparent NIR OPDs demonstrated in this work have superior
performance as compared to that of the transparent OPDs reported in the literatures.
Large-area transparent NIR OPDs, comprising a layer configuration of
glass/ITO/ZnO (10 nm)/PTB7-Th:COi8DFIC:PC71 BM (85 nm)/PEDOT:PSS (165
nm), have been developed. The 165 nm thick PEDOT:PSS upper transparent
electrode, prepared using a lamination transfer process, has a high transparency of
92% across the visible light to NIR wavelength range, a high electric conductivity
and a compatible fabrication process. The self-powered transparent NIR OPDs
demonstrated in this work have a high D*shot of >1012 Jones at 850 nm, a high -3
dB cutoff frequency of 71 kHz, and an LDR of 154 dB. The outcomes of this work
are very encouraging, providing a platform technology for a plethora of applications
in wireless appliances such as NIR visualization devices.
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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.

45

Figure 4.5 Relative response (dB)−frequency characteristics measured for the selfpowered transparent NIR OPDs, with a 165 nm thick 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.
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Table 1 A summary of photoactive layers, upper transparent electrodes, deposition processes, responsivity, detectivity, and active areas of different
transparent NIR OPDs.

Photoactive layer

Upper electrode

DMQA:DCV3T

HATCN/IZO

PSeTPTI/PC71BM

WO3/Ag/WO3

P3HT:PCBM

MoO3/Ag/MoO3

Deposition process
Thermal evaporation/

(Jones)

area

Ref.

2

(cm )

2.1×1012

0.04

[4]

Thermal evaporation

N/A

0.01 @ 30 V

N/A

6.25

[63]

Thermal evaporation

N/A

0.18 @ -1.5 V

5.25×1011

0.04

[3]

1.60

[65]

Thermal evaporation

Co3O4/ZnO

Ag-NWs

Spin-coating

TiO2

Ag-NWs

Spin-coating

68.9 @ 450-670 nm
~76
@ visible
~44 @ 400-1000 nm
55.5 @ 380-780 nm

PTB7-Th:
PEDOT:PSS

Responsivity (A/W)

Device

N/A

MoO3/Au/MoO3

PC71BM

(%)

Detectivity

60 @ 590-650 nm

sputtering

Cy7-T

COi8DFIC:

OPD transparency

Lamination transfer

(PEDOT:PSS side)
57.6 @ 380-780 nm
(ITO side)
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0.165 @ -2.0 V

3.0×10

12

5.09×10-5

2.2×108

1.0

[55]

0.136

1.11×109

N/A

[56]

0.21

2.98×10

12

(PEDOT:PSS side)

(PEDOT:PSS

0.28

side)

(ITO side)

4.06×1012

@ 0 V and 865 nm

(ITO side)

2.56

This
work

4.4 Application of Transparent Organic NIR photodetectors
4.4.1 NIR-to-visible Upconversion Devices
NIR-to-visible upconversion device is capable for converting a longwavelength photon with lower energy to a shorter-wavelength photon with higher
energy in the presence of the NIR light, a straightforward and effective method in
detecting and visualizing the object made with NIR absorbing materials, avoiding
the sophisticated circuit design and data processing. NIR-to-visible upconversion
device is prepared through monolithic integration of an NIR photodetection unit
and an LED unit, converting the incident NIR light to an EL emission in the visible
wavelength range.
The schematic energy diagram of an NIR-to-visible upconversion device
operated under a forward bias is shown in Figure 4.6(a).The device has a layer
configuration of anode/hole-blocking layer (HBL)/NIR sensitizing layer (NIR
SL)/HTL/EML/ETL/cathode. An NIR PD unit can have a conventional or an
inverted device configuration. The NIR PD with an inverted configuration is often
adopted for use in the NIR-to-visible upconversion devices due the improved
photoresponsivity and process compatibility, e.g., a higher photodetectivity than
that of the conventional photodetector.[71] The use of the HBL is to block the hole
injection to NIR sensitizing layer in an inverted NIR PD unit. The use of the HBL
also helps to reduce the dark current in the upconversion devices, assisting in
enhancing

the

photosensitivity

and

the

photon-to-photon

upconversion

efficiency.[72] For example, ZnO-based HBLs are to create a large injection barrier
at the ITO/HBL interface.[73] Thereby, ZnO thin-film can block the holes
effectively in the dark environment and also significantly reduce the dark current
density contributing to noise issue and photodetectivity in the NIR-to-visible
upconversion devices.[74,75] NIR SL has a poor hole transporting property,
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preventing the hole leakage in the absence of NIR light. Therefore, it may also act
as a HBL in NIR-to-visible upconversion devices. Apart from the NIR detection
part, the light-emitting unit is another important functional layer in the NIR-tovisible upconverion devices. The LED unit in the upconversion device has a typical
layer configuration of anode/HTL/EML/ETL/cathode. The use of the HTL and ETL
helps to achieve the hole-electron balance in the EML. When both of holes and
electrons are simultaneously injected into the EML, the excitons are recombined to
release energy by emitting the visible light.
The schematic energy level diagrams of the NIR-to-visible upconversion
device, with an NIR PD unit acting as hole-injection layer, operated under an
external bias in the dark, and in the presence of NIR illumination are shown in
Figures 4.6(a) and 4.6(b), respectively. The schematic energy level diagrams of the
NIR-to-visible upconversion device, with an NIR PD unit serving as an electroninjection layer, operated under an external bias in the dark and in the presence of
NIR illumination are shown in Figures 4.6(c) and 4.6(d), respectively. The charge
carriers in NIR-to-visible upconversion devices can be excited by both the electric
field and the incident NIR illumination. An NIR PD-based hole-injection
layer[19,20,73,76] is generally adopted in the

NIR-to-visible upconversion

device. In the dark without any electric field, there are no excess charge carriers,
and consequently the NIR-to-visible upconversion devices are in off-state. The
NIR-to-visible upconversion devices under forward biased without NIR irradiation
is also in off-state since the hole injection is blocked at the anode as presented in
Figure 4.6(a). In an ideal case, the hole injection is totally suppressed from anode
and NIR SL is in off-state, meaning no charge carriers can be generated. The holes
can be injected from the anode and transported to the EML to generate the hole
current when the certain voltage is applied to an improperly designed device. Under
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large external electric field, NIR SL acts as a HTL with a poor hole blocking ability.
The poor luminance on-off ratio is due to the balance between the hole and electron
currents, limited by the NIR SL. To deal with this problem, the insert of HBL at the
anode/NIR SL is an efficient method. Under NIR illumination and forward bias,
NIR SL can absorb the incoming NIR light to create photogenerated excitons. The
photogenerated excitons are then dissociated into holes and electrons, transporting
to their respective electrodes successively as shown in Figure 4.6(b). The
photogenerated holes from NIR SL are injected into the HTL and recombined with
the electrons injected from the cathode to form excitons in the EML. The
upconverted visible light can then be emitted and penetrated through the
(semi-)transparent electrodes.
In addition to the NIR-to-visible upconversion devices with an NIR PD-based
hole-injection layer, as shown in Figures 4.6(a) and 4.6(b), the NIR-to-visible
upconversion devices with an NIR PD-based electron-injection layer[77,78] is
another possible approach, as shown in Figures 4.6(c) and 4.6(d), though it is
relatively less reported. In the NIR-to-visible upconversion device with an NIR PDbased electron-injection layer, the electron injection to the EML can be suppressed
by NIR SL in dark, as illustrated in Figure 4.6(c). When the NIR-to-visible
upconversion device is operated in the presence of NIR illumination, the electronhole current balance can be obtained due to the enhanced electron injection enabled
by the NIR SL, as presented in Figure 4.6(d). The NIR-to-visible upconversion
devices with either an NIR PD-based hole-injection layer or an NIR PD-based
electron-injection layer offer a great potential for application in pixel-free NIR
imaging.
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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.

4.4.2 Performance of Perovskite LEDs
In parallel to the optimization of 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. The light output
in the NIR-to-visible upconversion devices is closely associated with the internal
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and external quantum efficiency of the emission unit. [79] The suitable material
selection is the most straightforward and critical approach for attaining high
emission quality. Among different types of reported LEDs, the emerging green
perovskite LEDs are very attractive for use in the NIR-to-visible upconversion
devices. To detect the NIR visualization real-time imaging, human eye has
relatively higher sensitivity for photopic vision in a green region at a peak
wavelength of 555 nm. The high performing PeLEDs with a comparable EL
performance to the organic and quantum-dot LEDs have been reported.[80–82] The
most important attribute of the PeLEDs is to improve the performance and deliver
a substantial cost advantage. The development of inorganic CsPbBr3 PeLEDs has
attracted an increasing interest due to their high thermal decomposition temperature,
high brightness, high PL quantum yield and high color purity.[83] CsPbBr3 PeLEDs
also possess a saturated color emission characteristic, having an EL spectrum with
a full width at half maximum (FWHM) of < 16 nm.[84] These achievements are
primarily reported for PeLEDs over a small emission area.
The preparation of high quality detect-free large area perovskite EML through
solution-fabrication process is still an open challenge CsPbBr 3 PeLEDs face
today.[85] The performance of the large area CsPbBr3 PeLEDs is limited due to the
existence of the defect-induced high non-radiative recombination and associated
leakage current. The alignment of the interfacial energy level at the
CsPbBr3/electrode interfaces and controlled growth of the large area perovskite
EML are the prerequisites for attaining high-efficiency PeLEDs.[86] Different
approaches had been adopted for improving the performance of PeLEDs, e.g.,
controlling the chemical composition and domain size in the perovskite light
emission layer, passivating the trap defects at the grain boundaries, optimizing the
optoelectronic properties of the perovskite light emission layer using a mixture
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formulation solution,[87] and reducing the formation of the pinholes and defects in
the perovskite light emission layer, and thereby suppressing the leakage current.
The use of the perovskite precursor solution with a PEO additive helps forming a
smooth and dense perovskite thin film that is beneficial for enhancing the PeLED
performance.[88–92] However, the related fundamental physics of efficient
operation of the large area PeLEDs, fabricated using a CsPbBr 3 precursor solution
with a hybrid additive of the ionic conductive polymer and alkali metal compounds,
is less reported. In this work, we report the development of a high-performance
large area PeLED through an improved understanding of the electron-hole current
balance and a controlled growth of the pinhole-free dense CsPbBr3 light emission
layer. The structural and morphological properties of the large area CsPbBr 3 light
emission layer have been optimized using a CsPbBr3 precursor solution having a
hybrid additive of PEO and Cs2CO3. The use of the hybrid additive has advantage
to reduce significantly the non-radiative recombination and leakage current
simultaneously through improved film coverage and controlled crystal growth.
The PeLEDs comprise a layer structure of ITO anode/ HTL (40 nm)/perovskite
EML (~40 nm)/ETL (40 nm)/lithium fluoride (LiF, 1.0 nm)/Al (100 nm). The
schematic layer structure of a PeLED is shown in Figure 4.7(a). The energy level
diagram illustrating the corresponding materials used in the PeLEDs is shown in
Figure 4.7(b). The use of PEDOT:PSS HTL is to assist the hole injection. A 40 nm
thick 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) ETL
was used to facilitate an efficient electron injection and also to serve as the HBL.
The CsPbBr3 EMLs were fabricated using four different precursor solutions, e.g., a
pure CsPbBr3 precursor solution, a CsPbBr3 precursor solution with a Cs2CO3
additive, a CsPbBr3 precursor solution with a PEO additive and a CsPbBr3 precursor
solution with a hybrid additive of PEO and Cs2CO3. The molecular structures of
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CsPbBr3, Cs2CO3 and PEO are shown in Figures 4.7 (c), 4.7(d) and 4.7(e),
respectively.

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.

The morphological properties and controlled crystal growth of four different
types of the perovskite EMLs were analyzed using the SEM. The SEM images
measured for the different CsPbBr3 perovskite layers grown on the HTL surface,
prepared using a pure CsPbBr3 precursor solution, the CsPbBr3-Cs2CO3 and
CsPbBr3-PEO mixture solutions, and a CsPbBr3 precursor solution with a hybrid
additive of PEO and Cs2CO3, are presented in Figure 4.8. The coverage of the
CsPbBr3 layers on the PEDOT:PSS HTL surface, prepared using different precursor
solutions was analyzed using the Image J software. The control CsPbBr3 EMLs,
made with a pure CsPbBr3 precursor solution, is not fully covered on the substrate
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as shown in Figure 4.8(a). It reveals that it contains many voids and structural
defects, with a surface coverage of about 83%. The structural defects create a
discontinued interface among the CsPbBr3 crystal grains in the EML, resulting in a
poor luminous efficiency in the PeLED due to a high leakage current, induced by
the electrical shunt paths.[93] This is apparently not desired for high performing
PeLEDs. The surface coverage and quality of the perovskite EMLs made with
different CsPbBr3 precursor solutions have been analyzed. The addition of the
Cs2CO3 in the perovskite precursor shows a mild improvement in the perovskite
growth with a slightly higher surface coverage of 86%, as shown in Figure 4.8(b).
Our results support the previous observation in showing that the improved quality
of the CsPbBr3 perovskite EML can be obtained when it is prepared using the
precursor solution with a PEO additive,[94] resulting in an obvious improvement
in its surface coverage, as shown in Figure 4.8(c). The results show that the use of
a hybrid additive of PEO and Cs2CO3 was most effective for producing a dense
CsPbBr3 EML producing a highly compact and pinhole-free EML overlaid on the
PEDOT:PSS surface with almost a complete surface coverage across the entire
substrate, as shown in Figure 4.8(d). The dense CsPbBr3 emission layer with a
smooth surface is beneficial for suppressing the leakage current.
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Figure 4.8 Top-view SEM images measured for the CsPbBr 3 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.

Apart from the analyses of the morphological performance of the perovskite
films, we also carried out the PL and absorbance measurements of the different
CsPbBr3 EMLs to discuss the defects arise from chemical impurities, which may
increase nonradiative charge recombination processes and reduce the luminous
efficiency of the PeLEDs. A peak position of 512 nm in the PL spectrum, as seen
in Figure 4.9(a), is obtained for the CsPbBr3 layer fabricated using an optimal
precursor solution with a hybrid additive as compared to that seen in the PL peak
measured for a control CsPbBr3 EML fabricated using a pure CsPbBr3 precursor
solution (523 nm). The blue-shift in the PL peak position suggests that the CsPbBr3
EML prepared by the CsPbBr3 precursor solution with a hybrid additive of PEO
and Cs2CO3 had a larger optical band gap (Eopt) as compared to that of the one
prepared by a pure CsPbBr3 precursor solution.[95] Eopt of the CsPbBr3 EMLs
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fabricated using a pure CsPbBr3 precursor solution and the ones with different
additives in the precursor solutions has been estimated using the Tauc plot,
(h)2−h, where h is the photon energy and  is the absorption coefficient of the
perovskite layers. The  is calculated from the absorption spectra as plotted in
Figure 4.9(a). The Eopt values of the CsPbBr3 films were obtained by extending the
linear region of the Tauc plot to zero. The CsPbBr3 light emission layers fabricated
using a pure CsPbBr3 precursor solution, the formulation solutions of CsPbBr3Cs2CO3 and CsPbBr3-PEO, and the one having a hybrid additive of PEO and
Cs2CO3 had different Eopt values of 2.33 eV, 2.34 eV, 2.35 eV and 2.36 eV,
respectively. A slight increase in Eopt of the CsPbBr3 light emission layer prepared
using an optimal CsPbBr3 formulation solution with a hybrid additive as compared
to the one made with a pure CsPbBr3 precursor solution. The optical results agree
well with the PL measurements, revealing the blue shift in the EL emission peak
measured for the PeLEDs is due to an increase in the Eopt of the emission layer,
formed using an optimal CsPbBr3 precursor solution with a hybrid additive.
J−L−V characteristics obtained for the PeLEDs fabricated using a pure
CsPbBr3 precursor solution and the ones having different additives in the precursor
solutions are plotted in Figures 4.9(b) and 4.9(c) respectively. The control PeLED,
made with a pure CsPbBr3 precursor solution, had a turn-on voltage (Von) of 4.6 V
and a lower maximum luminance (Lmax) of 3.0103 cd/m2 under 11.0 V, which is
related to the poor morphology of the CsPbBr3, the large volume of structural
defects and leakage current. The Von, defined as the bias required for the PeLED to
achieve a luminance of 1 cd/m2, in a PeLED is related to the height of the interfacial
energy barrier for charge injection and carrier transport properties in the perovskite
light emission layer.[96] In comparison, PeLEDs prepared using the mixture
CsPbBr3-Cs2CO3 and CsPbBr3-PEO precursor solutions had the moderated Lmax of
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3.5103 cd/m2 under 9.0 V and 4.5103 cd/m2 under 7.0 V, respectively. A high Lmax
of more than 105 cd/m2 under 7.0 V was obtained for the PeLEDs, fabricated using
an optimal CsPbBr3 formulation solution having a hybrid additive of PEO and
Cs2CO3, which is four times greater than the one measured for a control PeLED.
EL spectra obtained for the PeLEDs, that were fabricated using an optimal CsPbBr3
formulation solution having a hybrid additive of PEO and Cs2CO3, under a bias
range from 4.0 to 7.0 V are shown in Figure 4.9(d). The location of the EL peaks
remains unchanged for the PeLEDs operated under different biases. The PeLEDs
thus prepared possess a saturated color emission characteristic, having an EL
emission peak at 516 nm and EL spectrum with a FWHM of < 24 nm.

Figure 4.9 (a) PL and absorption spectra measured for the CsPbBr 3 perovskite films
on the PEDOT:PSS/ITO surface, prepared using different CsPbBr 3 precursor
solutions, (b) L−V and (c) J–V measured for the CsPbBr3 PeLEDs prepared using
different CsPbBr3 precursor solutions. (d) EL spectra measured for the CsPbBr3
PeLEDs, prepared using a CsPbBr3 precursor solution with a hybrid additive of
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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.

In this work, one of the key findings is that such undesired nonradiative charge
recombination can be suppressed through eliminating the structural defects in the
large area CsPbBr3 EML. The use of a CsPbBr3 precursor solution with a hybrid
additive of PEO and Cs2CO3 assists in the crystal growth forming a pinhole-free
dense CsPbBr3 emission layer, and hence favors the efficient operation of the large
area CsPbBr3 PeLEDs. It is anticipated that the approach of incorporating a hybrid
additive in the CsPbBr3 precursor solution demonstrated in this work would provide
practical interest and functional superiority for applications in solution processable
all-inorganic large area PeLEDs. These PeLEDs could also offer a potential
opportunity for developing the NIR visualization technology.

4.4.3 NIR Visualization
High performance NIR-to-visible upconversion devices, especially consisting
of transparent electrodes, have attracted significant interests in applications in realtime imaging analysis. NIR-to-visible upconversion devices can be adopted for
determining the presence of the NIR-absorbing pollutant materials embedded in
non-NIR-absorbing medium. For example, the NIR-absorbing microplastics in
marine animals having NIR-absorbing characteristics are either harmful to the
environment or to people.[24] For example, NIR-absorbing microplastics have a
size of < 5mm,[97] they have a typical absorption peak at a wavelength of 920 nm,
as shown in Figure 4.10(a). The traditional techniques such as a Fourier Transform
Infrared (FTIR) and Raman spectroscopy for detection of these NIR-absorbing
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materials usually take a long time, involving expensive and complex equipment,
limiting their application. Therefore, the NIR-to-visible upconversion devices
provide a fast way to detect these NIR-absorbing pollutants in marine system and
environment. Until now, there are still very few research on the demonstration of
NIR-absorbing pollutant materials using NIR-to-visible upconversion devices.
The NIR-to-visible upconversion devices, prepared through monolithic
integration of NIR OPDs and PeLEDs, provide a unique opportunity for application
in detection of NIR-absorbing pollutant materials. As illustrated in Figure 4.10(b),
in the presence of the NIR light, the visible light emission in the light-emitting part
is observed only in an area of the NIR-to-visible upconversion devices without any
NIR absorbing materials, where the efficient charge injection takes place, enabled
by the transparent organic NIR OPD component. Hence, the NIR visualizing device
can be adopted for examining the presence of the NIR-absorbing materials
embedded in the non-NIR absorbing medium. This NIR visualization technology is
a direct and effective method to help to detect the object made with NIR absorbing
materials, avoiding the sophisticated circuit designs and data processing. It consists
of an NIR imaging device and an NIR light source.

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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Chapter 5: Organic Photomultiplication Detectors
5.1 Photomultiplication Effect
PM effect is desirable for excellent sensitive OPDs with high sensitivity and
the photodetection capability of week light signal, removing the requirement of
low-cost pre-amplifier circuit.[8,15,98,99] The PM process is achieved by charge
tunneling injection in OPDs, triggered by band bending of injection energy barriers
that is usually induced by the accumulation of trapped carriers. The EQE of the PM
type OPDs under the current multiplication effect can be achieved far exceeding
100%.[52] The emerging PM type OPDs have been demonstrated by using electron
trap assisted hole carrier tunneling effect in OPDs having a photoactive layer made
of unbalanced donor/acceptor ratio, e.g., P3HT:PC71BM in a weight ratio of 100:1.
The detection mechanism of the PM type OPDs in dark and under light illumination
is illustrated using the schematic diagrams as shown in Figure 5.1. The PC 71BM
molecules in the P3HT:PC71BM photoactive layer form a large number of electron
traps due to their lower LUMO energy levels. The Schottky junction is formed when
the Al electrode is in contact with this organic photoactive layer. Meanwhile, the
HOMO energy level of the P3HT is much lower than that of Al electrode, yielding
a large energy barrier to hinder the injection of holes. When the PM type OPD is
operated in dark and under an external reverse electrical field as shown in Figure
5.1(a), the hole injection is blocked by the energy barrier, leading to a low dark
current. In contrast to this, the photogenerated electrons driven toward the Schottky
junction are captured by the PC71BM traps within the photoactive layer when the
PM type OPD is illuminated by the incident light, as shown in Figure 5.1(b). The
accumulation of trapped electrons near the Al electrode can cause a downward
bending of the energy band and narrow the Schottky barrier in the junction region,
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resulting in an increased possibility of hole tunneling. Consequently, holes from the
Al electrode tunnel through the Schottky junction effectively into the organic
photoactive layer. Finally, the significant photoresponse is realized by the flow of
hole carriers from Al electrode to ITO electrode in the PM type OPDs.

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.

5.2 Optical Field and Charge Generation Distributions
To study the materials’ light-sensing properties and the spectral response of the
P3HT:PC71BM PM type OPDs, the optical field and charge generation distribution
were analyzed using the optical simulation model “gpvdm”. The spectral responses
of the PM type OPDs are strongly associated with the distribution of optical field
and the resultant charge generation in the photoactive layer. According to previous
reports, the spectral response of PM type OPDs is usually determined by the charge
generation in the vicinity of Al electrode. To fully discover the spectral response of
the PM type OPDs, the PM type OPDs having photoactive layer with different
thickness were analyzed.
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The PM type OPDs with different layer configurations of ITO (150
nm)/P3HT:PC71BM (100, 300, 500 and 700 nm)/Al (100 nm) were used in the
simulation. The profiles of optical field distribution and photon absorption of the
P3HT:PC71BM PM type OPDs as a function of wavelength from 300 to 1000 nm
have been analyzed as shown in Figure 5.2. As shown in Figure 5.2(a) and 5.2(b),
the incident light of a wavelength of < 600 nm is absorbed by the 100 nm thick
P3HT:PC71BM photoactive layer, resulting in a homogenous distribution of
photogenerated charges in the photoactive layer across different wavelength. In the
PM type OPD having a 300 nm thick P3HT:PC71BM photoactive layer, the light
with a wavelength from 450 nm to 600 nm is mainly absorbed by the 100 nm thick
region in the photoactive layer near the ITO electrode, as shown in Figure 5.2(c)
and 5.2(d). The light with a wavelength of < 450 nm and > 600 nm can penetrate
deeper, generating charge carriers in the region near the Al electrode. In the PM
type OPDs with thicker photoactive layers, e.g., 500 nm and 700 nm, the incident
light at a wavelength of < 600 nm is fully absorbed in photoactive layers as shown
in Figures 5.2(e-f) and 5.2(g-h). Only the portion of light with a longer wavelength
over 600 nm can reach to the side of Al electrode. The profiles of absorbed photons
generated by the light as illustrated in Figures 5.2(f) and 5.2(h) show that a
narrowband light (from 600 nm to 650 nm) can generate charge carriers on the side
of Al electrode. The narrowband photodetection presented in the PM OPD rely on
a sufficiently thick P3HT:PC71BM photoactive layer and the electron trap assisted
carrier tunneling effect in the vicinity of Al electrode.
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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.
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5.3 Performance of Organic Photomultiplication Detectors
A low dark current and a high EQE are important for PM type OPDs,
contributing to a high detectivity. The PM type OPDs with a structure of ITO (150
nm)/ 6,6'-(9',9'-Bis(6-((3-ethyloxetan-3-yl)methoxy)hexyl))-7,7'-diphenyl9H,9'H-2,2'-bifluorene-9,9-diyl)-bis(N,N-diethylhexan-1-amine)

(PFN-OX,

10

nm)/P3HT:PC71BM/Al (100 nm) have been studied in this work. To realize the
electron trapping in the devices, the PM type OPDs were prepared using a binary
P3HT:PC71BM BHJ in a weight ratio of 100:1 and having a concentration of 60
mg/mL in 1,2-Dichlorobenzene in this work. The photogenerated exciton
distribution in the OPDs can be adjusted by tuning the thickness of the photoactive
layers. The P3HT:PC71BM photoactive layers with different thicknesses of 310 nm,
490 nm and 650 nm have been prepared by using different rotation speeds during
the spin coating process.
The dark I−V characteristics measured for the PM type OPDs with different
photoactive layer thicknesses are shown in Figure 5.3(a). The dark current,
measured for the PM-type OPDs under a reverse bias, decreases as the thickness of
photoactive layer increases from 310 nm to 650 nm. Under a bias of -12.0 V, the
dark currents, measured for the PM type OPDs comprising of 310 nm, 490 nm and
650 nm thick P3HT:PC71BM photoactive layers, are 2.2  10-7 A, 4.9  10-8 A and
2.1 10-8 A, respectively. The OPDs have an ultrahigh EQE exceeding 100%
benefiting from the PM effect, as shown in Figure 5.3(b). The spectral response
behavior in the PM type OPDs is controlled by adjusting the charge injection
properties through carrier tunnelling effect in the interface between the organic
photoactive layer and Al electrode.[42] The overall EQE of the PM type OPDs
decreases with the increase of the thicknesses of the P3HT:PC71BM photoactive
layers from 310 nm to 650 nm as shown in Figure 5.3(b). The PM type OPDs have
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a red-light selective photoresponse, while the blue- and green-light responses are
gradually suppressed as the photoactive layer becomes thicker. This observation
corresponds well to the distribution of charge generation in the OPDs, as discussed
in Figure 5.2. The light intensity in a thicker photoactive layer follows the BeerLambert law. The light with a wavelength from 500 nm to 650 nm is depleted in a
thicker photoactive layer. The charges generated in the photoactive layer near the
Al electrode are mainly due to the absorption of red light and blue light.[100] As a
result, the EQE of the devices are suppressed in the wavelength range from 500 nm
to 600 nm. The overall performance of the PM type OPDs was analyzed using the
D*shot. The dark current is adopted for calculating D*shot of the OPDs. The OPDs
using photoactive layers with thicknesses of 310 nm, 490 nm and 650 nm yield
D*shot of 4.7  1012 Jones at 630 nm, 2.9  1012 Jones at 636 nm and 2.2  1012
Jones at 640 nm, respectively, as presented in Figure 5.3(c). A red-shifted spectral
response and a narrower spectrum in the long wavelength region has been obtained
in the PM type OPD due to the electron trap assisted carrier tunneling effect. The
narrowband PM type OPDs comprising of BHJ photoactive layer with different
layer thicknesses offer a potential approach for the development of dual/multi-mode
PDs for color-discriminative imaging applications.
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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.
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Chapter

6:

Bias-switchable

Organic

Photovoltaic/

Photomultiplication Dual-mode Detectors and Imaging
Applications
6.1

Organic

Photovoltaic/Photomultiplication

Dual-mode

Detectors
Material selection and structure architecture of the PDs are critical in the
design of the PM/PV dual-mode OPDs. The dual-mode OPDs comprise two typical
visible-light-absorbing photoactive layers. The first photoactive layer was prepared
by a binary-based precursor solution, formulated using F8T2 and PC61BM with a
weight ratio of 1:1. Meanwhile, the second photoactive layer was fabricated from a
binary-based precursor solution, formulated using a weight ratio of P3HT to
PC71BM of 100:1. The molecular structures of F8T2, PC61BM, P3HT and PC71BM
are shown in Figure 6.1(a). The edges of absorption spectra of the binary
F8T2:PC61BM (1:1) and F3HT:PC71BM (100:1) thin films are located at
wavelengths of around 550 nm and 650 nm, respectively, as presented in Figure
6.1(b). Two visible-light-absorbing thin films are essential for the dual-mode OPDs.
In this work, the device structure of the dual-mode OPDs has been designed as
glass/ITO/ZnO

(10

nm)/F8T2:PC61BM

(100

nm)/MoO3:PEDOT:PSS (40

nm)/P3HT:PC71BM (500 nm)/ Al (100 nm), as shown in Figure 6.1(c). The structure
architecture of the device was confirmed by the imaging result of the cross-sectional
SEM as illustrated in Figure 6.1(d). The 100 nm thick binary F8T2:PC61BM (1:1)
photoactive layer works in a PV mode when the OPD is operated under a forward
bias. The incident blue light is absorbed by the F8T2:PC61BM layer, creating free
charge carries to circulate to its specific electrode. The EQE of PV type OPDs is
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normally lower than 100%. A 500 nm thick binary P3HT:PC71BM (100:1)
photoactive layer works in a PM mode when the OPD is operated under a reverse
bias. The PM type OPD, operated under the reverse bias, is sensitive to the red light.
With help of the electron trap assisted hole tunneling effect[15], photogenerated
electrons are trapped and accumulated in the P3HT:PC71BM layer, improving the
hole tunnelling injection. Hence, the hole carries are injected from Al electrode into
the P3HT:PC71BM layer to form current signals. Moreover, ZnO and
MoO3:PEDOT:PSS were used as the ETL and the HTL, respectively, facilitating
the flow of charge carries under an external bias.
The detection mechanism and optical properties of the PM/PV dual-mode
OPDs have been examined. These bias-switchable OPDs are sensitive to the
specific visible light wavelengths, when operated in two different operation modes,
namely the PV mode and PM mode. Under the forward bias, the dual-mode OPDs
work as a regular photodiode having a photoactive layer of F8T2:PC61BM while
the P3HT:PC71BM layer acts as the hole transport layer for the OPD. This mode of
operation, as shown in Figure 6.2(a), is named as the PV mode. The F8T2:PC61BM
layer is sensitive to the shorter-wavelength light in the visible electromagnetic
spectrum. In an absence of light, there is no photocurrent generation in the dualmode OPDs. The hole injection from ITO electrode is blocked by the ZnO layer,
and the electron injection from the Al electrode is blocked by the energy barrier
created by the high-lying LUMO energy level of P3HT, resulting in a low dark
current. When the dual-mode OPDs are illuminated by the shorter-wavelength
visible light (blue light), the F8T2:PC61BM layer is responsible for light absorption
and the P3HT:PC71BM photoactive layer now performs as the HTL. In a presence
of light, the electron-hole pairs generated in the F8T2:PC61BM photoactive layer
are separated into free charge carriers to form a current flow. These free electrons
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and

holes

are

transported to

ZnO/ITO

side

and

MoO3:PEDOT:PSS/

P3HT:PC71BM/Al side, respectively, driven by external electrical field.
Under the reverse bias, the dual-mode OPDs perform as PM type PDs. This
PM mode is presented in Figure 6.2(b). In such a case, the P3HT:PC71BM
photoactive layer dominates in the detection of the longer-wavelength incident light
in the visible electromagnetic spectrum (red light) due to its absorption property.
When the dual-mode OPD is operated in the PM mode in dark, the P3HT:PC71BM
photoactive layer forms large number of electron traps. A Schottky junction is
formed when the Al electrode is in contact with this organic photoactive layer.
Meanwhile, the energy level of the P3HT:PC71BM photoactive layer is much lower
than that of the Al electrode, yielding a large barrier to hinder the diffusion of holes.
When the dual-mode OPDs are negatively biased and illuminated by the incident
light, the trapped electrons are driven toward the Schottky junction and captured by
the PC71BM electron traps within the photoactive layer. These trapped electrons can
cause a downward band bending to narrow the Schottky junction region, increasing
the possibility of hole tunneling injection. Consequently, holes from the Al
electrode tunnel through the Schottky junction effectively. These holes are injected
to the P3HT:PC71BM photoactive layer to realize the current multiplication effect.
In this PM mode, the F8T2:PC61BM photoactive layer is under the forward-biased
condition for current conduction. Therefore, the EQE of the dual-mode OPDs
operated in the PM mode can be achieved far exceeding 100% due to the electron
trap assisted carrier tunneling effect.[15]
To understand the light absorption in different functional layers, the optical
distributions of the dual-mode OPDs were analyzed using the optical admittance
analysis.[42] The light absorption of OPDs over the wavelength range from 400 to
700 nm was simulated. The optical constants, refractive index (n) and extinction
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coefficient (k), measured for the F8T2:PC61BM and P3HT:PC71BM photoactive
layers have been shown in Figures 2.8(a) and 2.8(b), respectively. The profiles of
optical field distribution and photon absorption as a function of wavelength in the
device, 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), are
presented in Figures 6.2(c) and 6.2(d). It becomes clear that the incident light with
a wavelength of < 500 nm is fully absorbed in the 100 nm thick F8T2:PC 61BM
photoactive layer. The incident light with a wavelength of > 500 nm is capable of
penetration to the P3HT:PC71BM photoactive layer. The incident light with a
wavelength ranging from 500 nm to 625 nm can be fully absorbed in the first 100200 nm depth in P3HT:PC71BM photoactive layer. Only red light with a wavelength
> 625 nm is absorbed by the P3HT:PC71BM layer in the vicinity of Al electrode,
leading to a charge injection photocurrent. The dual-mode OPDs show a
narrowband red-light responsivity over a wavelength range from 625 to 650 nm.
Therefore, it is confirmed that the 100 nm thick F8T2:PC61BM photoactive layer
and 500 nm thick P3HT:PC71BM photoactive layer are responsible for the detection
of the incident blue light (at a wavelength of < 500 nm) and red light (at a
wavelength of 625 to 650 nm), respectively.
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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.
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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.

High-performance PV- and PM-type components are essential for realizing the
functionality of the dual-mode OPDs. Therefore, the characteristics of two pristine
binary F8T2:PC61BM and P3HT:PC71BM based single-mode control OPDs were
analyzed for conceptual proof. The R is a figure of merit for the performance of the
OPDs. The binary F8T2:PC61BM PV type OPDs, comprising a layer configuration
of glass/ITO/ZnO (10 nm)/F8T2:PC61BM (1:1, 100 nm)/MoO3 (10 nm)/Ag (100
nm), were studied. The R spectra measured for the binary F8T2:PC61BM singlemode OPDs under forward biases are shown in Figure 6.3(a). The binary
P3HT:PC71BM PM type OPDs, consisting of a layer configuration of glass/ITO/
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Poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7(9,9-dioctylfluorene))dibromide (PFN-Br)/ P3HT:PC71BM (100:1, 500 nm)/Al
(100 nm), were investigated. The R spectra measured for binary P3HT:PC71BM
single-mode OPD operated in the reverse biases are plotted in Figure 6.3(b). Under
the reverse bias, these PM type OPDs have narrow R spectra, which are favorable
to the crosstalk-less dual-mode OPDs.
The thicknesses of the F8T2:PC61BM and P3HT:PC71BM photoactive layers
are critical for realizing the bias-switchable OPDs with two different functional
modes. Figure 6.4 clearly reveals that the dual-mode OPDs, comprising of a 100
nm thick F8T2:PC61BM photoactive layer and a 500 nm thick P3HT:PC71BM
photoactive layer, show greater electrical performances presented by relatively low
dark currents and desirable EQE spectra of the devices. The R spectra measured for
the dual-mode OPD in its PV mode and PM mode are shown in Figure 6.3(c). The
R features demonstrated by the dual-mode OPD under forward and reverse biases
are almost identical, agreeing with the results shown by the single-mode OPDs.
Under the forward bias ranging from 1.0 V to 4.0 V, the peak R of the dual-mode
OPDs operated in the PV mode locates at 490 nm. After this wavelength, the R
spectra show sharp cut-offs. The R of the dual-mode OPD operated under 4.0 V can
reach up to ~200 mA/W. Under a reverse bias ranging from -4.0 V to -12.0 V, the R
of the dual-mode OPDs operated in PM mode peaks at 634 nm. These OPDs show
a narrow R spectrum with a FWHM of 31 nm when operated under the bias of -12.0
V due to the electron trap assisted carrier tunneling effect. These OPDs operated
under -12.0 V have a peak R of 8.15 A/W at 634 nm.
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Figure 6.3 (a) R spectra measured for the binary F8T2:PC61BM single-mode 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 forward biases (PV-mode) and
reverse biases (PM-mode).
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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, (d) dark current, (e) forward bias-dependent EQE and (f) reverse
bias-dependent EQE measured for the dual-mode OPDs with different-thickness
P3HT:PC71BM photoactive layers.
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6.2 Optical Profile of the Dual-mode Organic Photodetectors
The optical crosstalk for spectral responses of the dual-mode OPDs were
analyzed using a set of the bias-dependent R spectra. The bias-dependent R spectra
of the dual-mode OPDs as a function of wavelength ranging from 400 nm to 700
nm were measured under both positive and negative voltages, as plotted in Figures
6.5 (a) and 6.5(b). The results reveal that increasing the applied voltages to the OPD
can boost the intensity of their R spectra. It is clear from Figure 6.5(a) that there is
insignificant crossover in the R spectra, measured under forward and reverse biases,
over the wavelength range between 520 nm and 610 nm. Under the forward biases,
the dual-mode OPDs are much sensitive to the blue photons. Under the reverse bias,
they have a higher sensitivity to red photons. Reducing the crosstalk effect is a vital
factor for the design of the dual-mode OPDs. The crosstalk presented by the spectral
responses of dual-mode OPDs can be analyzed into two types, a wavelengthdependent crosstalk and bias-dependent crosstalk. The crosstalk can be presented
as a function of wavelengths or applied voltages. The -10 dB line in the optical
crosstalk spectrum sets a upper limit for the crosstalk-less detection. Above this line,
a device enters a significant crossover region.[34,39,41] The wavelength-dependent
𝑉

crosstalk (𝐶𝑉𝑅𝐹 (𝜆)) measured for the devices is an indicator of the overlap between
the photoresponses measured for the OPD under two different forward and reverse
voltages across different wavelength, which is defined as the following equation:
𝑅(𝜆,𝑉 )

𝑉

𝐶𝑉𝑅𝐹 (𝜆) = 20𝑙𝑜𝑔 𝑅(𝜆,𝑉𝐹 )
𝑅

(9)

where 𝑉𝐹 is the forward bias and 𝑉𝑅 is the reverse bias applied to the dual-mode
𝜆

OPDs. The bias-dependent crosstalk ( 𝐶𝜆𝑅𝐹 (𝑉 ) ) is an indicator of the overlap
between the photoresponses measured for the OPD in the presence of light with two
different wavelengths, as a function of the applied voltage, which is defined as the
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following equation:
𝜆

𝐶𝜆𝑅𝐹 (𝑉 ) = 20𝑙𝑜𝑔

𝑅(𝑉, 𝜆𝐹 )
,
𝑅(𝑉, 𝜆𝐹 )

(10)

where 𝜆𝐹 and 𝜆𝐹 are the spectra wavelengths of the dual-mode OPDs measured
𝑉

from different spectral bands. The 𝐶𝑉𝑅𝐹 (𝜆) of the dual-mode OPDs as a function
of wavelength has been calculated under the forward bias of 4.0 V and the reverse
bias of -4.0 V, as plotted in Figure 6.5(c). At the -10 dB line, the crossover
wavelength range of devices is only 40 nm spanning from 556 nm to 596 nm. The
𝜆

𝐶𝜆𝑅𝐹 (𝑉 ) of the devices as a function of the applied voltage has also been calculated,
as presented in Figure 6.5(d). Two wavelengths, 450 nm and 630 nm were chosen
for the calculation because the devices show good detection performances at both
wavelengths. At the -10 dB line, the crossover bias of the devices is merely 10 mV
ranging from -0.4 V to -0.5 V. A summary of the performances of the dual-mode
photodetectors reported in this work and in the field was given and analyzed as
shown in Table 2. The results reveal that the bias-switchable dual-mode OPDs in
this work have less crosstalk effect in comparison to the OPDs presented in previous
reports. The lower external bias required by dual-mode OPDs presented in this work
is beneficial for reducing the dark current and suppressing the noise.
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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.
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Table 2 A summary of the results of the dual-mode PDs obtained in this work and the ones in the field.
Photoactive layers

Detection
range

Mechanism

Responsivity (A/W)

Detectivity (Jones)

Optical crosstalk
@> -10 dB line (nm)

Ref.

ZnPc:C60/
D6:C60

NIR/SWIR

PV/PV

n/a

1011 @790-1180 nm;
108 @1020-1435 nm

n/a

[56]

NIR/SWIR

PV/PV

0.57 @1640 nm;

2.63×1011 @1640 nm;

0.22 @2000 nm

1.96×109 @2000 nm

60 (from1690 nm to 1750 nm)

[34]

7×1011 @~1000 nm;
2×1010 @~1550 nm

80

[41]

InGaAs/InGaAs/
GaAsSb T2SL
Ge/Si

visible/NIR

PV/PV

0.33 @visible;
0.63 @NIR

MAPbBr3/
MAPbI3

visible/NIR

PV/PV

0.018 @visible;
0.046@NIR

1.27×1010 @visible;
1.75×1010 @NIR

60 (from 570 nm to 630 nm)

[39]

1.4×1013 @visible;
9.85×1012 @NIR

n/a

[42]

P3HT:PC70BM/
P3HT:PTB7-Th:
PC70BM

visible/NIR

PM/PM

14.44 @367 nm;
12.94 @654 nm

FAPbBr3/
MAPbI3

blue/red

PV/PV

0.33 @470 nm;
1.5 @625 nm

1.8×1012 @470 nm;
8×1012 @625 nm

n/a

[101]

0.17 @450nm;

8×1010 @450 nm;

40 (from 556 nm to 596 nm)

This

10 mV (from -0.4 V to -0.5 V)

work

F8T2:PC61BM/
P3HT:PC71BM

blue/red

PV/PM

8.15 @635 nm

80

12

3.9×10 @635 nm

6.3 Bias-switchable Photoresponses of the Dual-mode Organic
Photodetectors
D*shot is a vital parameter that evaluate the overall device performance of the
dual-mode OPDs. In this work, the dark current is adopted for calculating D*shot of
the dual-mode OPDs operated under either the forward bias or the reverse bias. As
shown in Figure 6.6(a), D*shot of 8.0  1010 Jones at 450 nm under the positive
voltage of 4.0 V and 60.5  1010 Jones at 630 nm under the negative voltage of -4.0
V have been obtained. The D*shot measured for the devices reaches up to 3.9  1012
Jones at 630 nm, with a larger external voltage of -12.0 V being applied, as plotted
in Figure 6.6(b). In addition, measurements of noise current spectra density in dark
and photocurrent signal of the dual-mode OPDs were conducted using a FFT
spectrum analyzer. The photocurrent signals were measured under 133 Hz
frequency-modulated light sources with different light intensities. As shown in
Figures 6.6(c) and 6.6(d), the noise current signals in dark measured for the devices
in applied voltages of 4.0 V and -4.0 V are 2.18  10-11 A Hz-1/2 and 5.38  10-11 A
Hz-1/2 at a frequency of ~133 Hz respectively. The photocurrent signal peaks in the
current spectra gradually decrease with the light intensities. At the frequency of
~133 Hz, the lowest detectable light intensities of the device operated under 4.0 V
and -4.0 V are 0.5 nW at 450 nm and 6.6 nW at 635 nm respectively.
To understand the photosensitivity properties of the dual-mode OPDs, the I−V
and photocurrent−light intensity characteristics were measured. A low dark current
is essential for achieving a high photosensitivity of the dual-mode OPDs. As
presented in Figure 6.7(a), the dual-mode OPDs, under illumination of blue (450
nm) light with different light intensities, show a higher photosensitivity under a
positive bias in comparison to that shown under negative biases. Under light
illumination with a light intensity of 4.1 mW/cm 2, the photocurrent of the dual81

mode OPDs operated under 4.0 V reaches to 6.8  10-5 A, which is 2-3 orders of
magnitudes higher than their dark current of 1.3  10-7 A. In contrast, the dual-mode
OPDs obviously have a higher photosensitivity in the negative bias region under
red (635 nm) light with increasing light intensities as shown in Figure 6.7(b).
Illuminated with a light intensity of 0.87 mW/cm2, the photocurrent of the dualmode OPDs operated under -4.0 V is 1.5  10-5 A, which is almost two orders of
magnitudes higher than the dark currents of 1.1  10-7 A measured from the devices.
The photocurrent of the devices can reach to 3.3  10-4 A when the applied voltage
is -12.0 V. These results clearly reveal that the dual-mode OPDs operated under the
forward bias dominate the detection of blue light, but those operated under reverse
biases are in control of red-light detection, which agree with the simulation results
as plotted in Figures 6.2(c) and 6.2(d). Furthermore, photocurrent−light intensity
characteristics measured for the dual-mode OPDs operated under forward and
reverse biases, under illuminations of 450 nm and 635 nm light, are shown in
Figures 6.7(c) and 6.7(d). The LDR is used to describe the photosensitivity of the
photodetectors over a broad light intensity range. The LDRs of the dual-mode OPDs
operated under the forward biases of 2.0 V, 4.0 V and 6.0 V are over 80 dB, using a
450 nm light over an intensity range from 4.3  10-3 to 41 mW/cm2. The LDRs of
the dual-mode OPDs operated under the reverse biases of -8.0 V, -10.0 V and -12.0
V are consistently over 162 dB, under the illumination of a 635 nm light over an
intensity range from 4.9  10-7 to 65 mW/cm2.
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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
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(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.

The photoresponse time and -3 dB cutoff frequency are important parameters
for the evaluation of the detection speed of dual-mode OPDs for different
applications, for example, capture time in imaging processes. The photoresponse
time of the OPDs indicates the response speed of the OPDs to detect the incident
light radiation. The transient photoresponses of the dual-mode OPDs operated
under forward and reverse biases were measured. As plotted in Figure 6.8(a), the
photoresponse time of 38 µs is obtained from the dual-mode OPDs operated under
the forward bias of 4.0 V, using a 460 nm LED light source with an intensity of 12
mW/cm2 and a modulation frequency of 4 kHz. As plotted in Figure 6.8(b), the
photoresponse time of 4.3 ms is measured from the dual-mode OPDs operated
under the reverse bias of -12.0 V, using a red (625 nm) LED light source with an
intensity of 12 mW/cm2 and a modulation frequency of 40 Hz, which half of that
measured from the dual-mode OPDs operated under -4.0 V(11.9 ms). In addition,
the relative photoresponses measured for the dual-mode OPDs operated under
different biases of 4.0 V and -12.0 V, as a function of the modulation frequency of
light source, are presented in Figures 6.8(c) and 6.8(d) respectively. The -3 dB
cutoff frequency is another parameter determining the photoresponse speed of the
photodetectors. The -3 dB cutoff frequencies of 25 kHz and 53 Hz are obtained for
the dual-mode OPDs operated under the forward bias of 4.0 V and the reverse bias
of -12.0 V.
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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 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.
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6.4 Imaging Applications
To display the practical feasibility of the bias-switchable PM/PV dual-mode
OPDs in the imaging applications, two sets of imaging targets with different levels
of resolution, a logo with a sharp contour and a highly detailed painting, were
used in the imaging measurements. Herein, we conducted imaging experiments
using an imaging scanning system as shown in Figure 6.9 (a), constructed with a
dual-mode OPD, which is presented in this work, a two-dimensional electric
motor control system, and a self-developed LabView program. This imaging
scanning system allows the assessment of the potential of dual-mode OPDs
without requiring the commercially dominating but complicated structure of
arrayed imaging detectors, i.e., a CCD in digital cameras. The dual-mode OPDs
can scan the imaging target along x- and y-directions under the driving of the twodimensional electric motor control platform. The step size of the image scanning
system is 0.2 mm. A white LED, operated under an external bias of 5.0 V, was
used as light source. The photocurrent of each pixel measured from the device is
collected and then processed to obtain the final images using a programming and
numeric computing platform ‒ MATLAB.

The first imaging target used in this system is a logo of Faculty of Science, Hong
Kong Baptist University, with dimensions of 45 mm × 48 mm. As shown in
Figures 6.9 (b) and 6.9(c), the photocurrent signals measured from the dual-mode
OPDs operated under the forward bias of 3.0 V (PV-mode) and -4.0 V (PM-mode)
were obtained. Three high-quality images of the imaging targets reproduced based
on photo-signals using the MATLAB is displayed in Figure 6.9 (d)-(f) along with
the original picture as shown in Figure 6.9 (g). In addition, the famous painting
titled “La Bastille, etude” painted by Marc Chagall in 1954, with dimensions of
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50 mm × 40 mm was used as the second imaging target to demonstrate the
imaging applications operated under the same imaging scanning system and
image processing. The photocurrent signals measured from the devices under a
positive voltage of 3.0 V and a negative voltage of -4.0 V are presented in Figures
6.9 (h) and 6.9 (i) respectively. Meanwhile, three high-quality processed images
and the original picture of the painting are exhibited in Figure 6.9 (j)-(m). These
results clearly show that the bias-switchable PM/PV type dual-mode OPDs can
produce high-quality images with vivid color and rich details that are alike the
original pictures used as imaging targets.
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Figure 6.9 (a) An imaging scanning system constructed with a dual-mode OPD, a
two-dimensional electric motor control system, and a self-developed LabView
program. A logo of Faculty of Science, Hong Kong Baptist University was used for
the imaging applications. The photocurrent measured from the dual-mode OPD
operated under (b) the forward bias of 3.0 V and (c) the reverse bias of -4.0 V. The
processed images produced by the OPD operated in (d) PV-mode, (e) PM-mode and
(f) dual-mode using a programming and numeric computing platform ‒ MATLAB.
(g) The original picture of the faculty 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 dualmode OPD operated under (h) the forward bias of 3.0 V and (i) the reverse of bias
of -4.0 V. The processed images produced by the OPD operated in (j) PV-mode, (k)
PM-mode and (l) dual-mode using MATLAB. (m) 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.
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Chapter 7: Summary and Outlook
7.1 Summary
Photodetectors with high quantum efficiency, high response speed and low
noise, are a major component in light detection applications such as imaging sensors,
security monitoring, artificial intelligence, and artificial vision. In comparison with
the commercial inorganic semiconductor-based PDs, solution-processable OPDs
provide another potential approach for developing imaging applications. The
functional organic photoactive materials, with a tunable absorption extended to the
NIR wavelength range. can be prepared via solution processes. The OPDs offer an
attractive option for delivering large-area NIR PDs at a low cost. This PhD study
aimed at developing and investigating the performance of high-efficiency solutionprocessable OPDs, including transparent NIR OPDs and novel PM/PV dual-mode
OPDs for use in wireless light upconversion devices and filter-free image sensors,
respectively.
To attain high-performance solution-processable NIR-to-visible upconversion
devices, the PD unit is indispensable. The PD serves as the longer wavelength light
sensitive unit, integrated monolithically with a shorter wavelength light-emitting
unit for achieving real-time light upconversion. The photodetection properties of
the PDs can be adjusted by proper material selections and device engineering. The
photoactive layer thickness was optimized to achieve simultaneously high NIR
responsivity and light transparency. We found that an NIR OPD having an 85 nm
thick

ternary PTB7-Th:COi8DFIC:PC71BM

photoactive

layer

yielded

a

combination of a high NIR responsivity and a high visible light transparency, thus
becoming a suitable candidate for use in transparent NIR OPDs. Large-area
solution-processed transparent NIR OPDs, comprising a layer configuration of
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glass/ITO/ZnO/PTB7-Th:COi8DFIC:PC71BM (85 nm)/PEDOT:PSS (165 nm),
have been developed. The 165 nm thick highly conductive polymer PEDOT:PSS
upper transparent electrode, prepared using a lamination transfer process, has a high
transparency of 92% across the visible light to NIR wavelength range, a high
electric conductivity and a compatible fabrication process. The self-powered
transparent NIR OPDs demonstrated in this work have a high D* of >1012 Jones at
850 nm, a high -3 dB cutoff frequency of 71 kHz, and an LDR of 154 dB. The
outcomes of this work are very encouraging, providing a platform technology for
developing wireless visualization appliances. The transparent NIR OPD plays an
important role as the charge-injection layer to control the emission behavior of the
LED unit, under the excitation by the NIR portion of the incoming light.
In parallel to the research effort on improving the performance of the NIR OPDs,
enhancing the emission efficiency of the LED unit is equally important for
determining the overall performance of the NIR-to-visible upconversion devices.
Following the demonstration of transparent NIR OPDs, a study on large-area
CsPbBr3 PeLEDs through controlled growth of the perovskite emission layers
modified by a hybrid additive have been carried out. The inorganic CsPbBr3 PeLED
unit was used in the NIR-to-visible upconversion devices because of its high color
purity with narrow emission spectrum, high brightness, and high PL quantum yield.
The

CsPbBr3

PeLED,

comprising

a

layer

structure

of

ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al, fabricated using a CsPbBr3 formulation
solution that contains a hybrid additive of PEO and Cs2CO3, possess remarkable
brightness of > 104 cd/m2. The use of a CsPbBr3 precursor solution modified with
a hybrid additive is beneficial for producing uniform and dense CsPbBr3 light
emission layers. The suppression of structural defect-induced leakage current and
non-radiative recombination in the PeLEDs have been realized by creating a
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uniform pinhole-free dense CsPbBr3 emission layer. It shows that the use of a
CsPbBr3 precursor solution with a hybrid additive also improves the electron-hole
current balance in the emission layer, and thereby favoring efficient operation of
large area CsPbBr3 PeLEDs. The PeLEDs offer an opportunity for developing the
emerging high-efficiency NIR-to-visible upconversion devices, which offer a
potential technique to detect NIR-absorbing pollutant materials, e.g., NIRabsorbing microplastics in marine system and environment.
Apart from the effort made in developing upconversion devices for use in
imaging applications, we have also realized spectral crosstalk-free photodetection
via novel PM/PV type dual-mode OPDs. The PM phenomenon is commonly used
to realize filter-free narrow-band light detection. The PM type OPDs with a
structure of ITO/PFN-OX/P3HT:PC71BM/Al, having an optimal thickness of ~500
nm, has been studied in this work. To realize the electron trapping in the devices,
the PM type OPDs were prepared using a weight ratio of P3HT to PC71BM of 100:1
for the BHJ. The optical and electronic characteristics of these PM single-mode
BHJ-based OPDs have also been studied. Using the PM effect to enhance the EQE
of the OPDs is one of the most effective strategies to achieve an EQE of >100%,
which is needed for high sensitivity photodetection. With delicate device design and
engineering, the PM type OPDs can obtain a sharp light detection peak with a
narrow responsivity spectrum due to trap-assisted tunneling effect. The PM type
OPDs with high photoresponsivity and narrow detection spectrum are promising
for developing the crosstalk-less dual-mode OPDs to realize the colordiscriminative imaging system.
In the last part of this thesis, high-performance bias-switchable PM/PV dualmode OPDs and their imaging applications have been demonstrated. Previous
research has mainly focused on the dual-mode PDs using either PV/PV or PM/PM
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effects in the device design; this study is one of the kinds that applies the new
concept of PM/PV dual effect in the device structure to obtain high-performance
bias-switchable dual-mode OPDs in this field. These solution-processed dual-mode
OPDs have advantages like tunable spectra response, high flexibility, spectratunable, flexible, lightweight design and low cost, and can also overcome the lattice
and thermal mismatches between the semiconductor layers epitaxially grown for
inorganic-based dual-mode PDs. The PM/PV type dual-mode OPDs are comprised
of a stack of the first F8T2:PC61BM BHJ and the second P3HT:PC71BM BHJ
organic photoactive layers and two electrical contacts. The first BHJ absorbs the
short-wavelength portion of the incoming light, whereas the second BHJ has an
extended absorption to longer wavelengths. By changing the bias polarity, two
specific spectral responses in two distinct bands over the wavelength region in
visible electromagnetic spectrum can be achieved. The D* of 8.0  1010 Jones at
450 nm under the positive voltage of 4.0 V and 63.9  1012 Jones at 630 nm under
the negative voltage of -12.0 V have been obtained from the devices. The dualmode OPDs in this work exhibit crosstalk-free photoresponse in the visible
spectrum. Specifically speaking, these devices are greatly sensitive to the light
detection over narrow spectral response ranges of < 500 nm under a forward bias
and from 625 to 650 nm under a reverse bias. The crosstalk of them is only 40 nm
in a region between 556 nm to 596 nm. This favorable optical crosstalk-free spectral
response offers an alternative possibility for the optical filter-free color imaging
applications.
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7.2 Outlook
The recent progresses made in the advancement of solution processable OPDs
have potential advantages in terms of cost effectiveness, chemical tunability, and
flexibility for practical applications in high-efficiency detection at low cost. The
extension of the research work presented in this thesis would include: (1)
understanding the role of polymer molecular weight in high-performance PM type
OPDs, (2) exploring other material systems for developing high-performance
PM/PV dual-mode OPDs for NIR and visible light detection, and (3) developing
electrically switchable multi-mode OPDs for an efficient color detection in RGBmodeled images.
First, the performance of PM type OPDs comprising a binary BHJ photoactive
layer with different weights and donor to acceptor ratios of, e.g., P3HT:PCBM and
P3HT:PC71BM has been studied. The study of the effect of the donor/acceptor
weight ratio and thickness of P3HT:PCBM BHJ on the performance of the PM
OPDs will be investigated, providing an insight into the photomultiplication
behavior in the P3HT:PCBM-based PM OPDs.
The outcomes of the novel PV/PM dual-mode OPDs are very inspiring,
providing a new device concept for applications in high-resolution imaging, as well
as intelligent and security monitoring. These filter-free dual/multi-mode OPDs have
great potential for replacing commercial inorganic detectors that require dissipative
optical filters to distinguish the spectral responses in visible and NIR light regions.
In previous studies on the dual-mode PDs, the dual-color detection capacities
are mainly constrained to NIR/visible light by adopting identical PV/PV or PM/PM
effects in the device architecture. However, there is not any study on the PM/PV
dual-mode color discriminative OPDs for NIR and visible light detection. Generally,
the NIR-based OPDs always have relatively low spectral responsivity the NIR
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region due to the weak charge transfer state absorption in NIR organic
semiconductors and undesirable device architectures. To boost the responsivity and
narrow the FWHM of dual-mode OPDs in NIR detection, the device architecture
employing PM phenomenon offers an attractive option. In an ideal case with a
quasi-Gaussian spectral response, the FWHM of spectral response in the
narrowband NIR OPDs is on the order of ≦100 nm. Simultaneously, the dualmode OPDs, have a spectral selective photodetection in NIR wavelength range with
a high EQE only within the desired spectral window. Therefore, the EQE of the
devices can be increased through exploiting the PM effect due to the increase in the
number of collected charge carriers per incoming photon under NIR illumination.
Consequently, a NIR/visible light dual-mode OPDs with narrowband and high
detectivity can be developed by adopting the PM/PV dual effects.
Finally, the bias switchable multi-mode OPDs with spectral responses in
visible light spectrum are desired for applications like RGB full-color imaging.
There is still a large room for the advancement of the bias-switchable spectralselective multi-mode OPDs, including material selection, interfacial engineering,
device architecture optimization, and response range tunning.

94

References
[1]

D.Yang, D.Ma, Development of Organic Semiconductor Photodetectors:
From Mechanism to Applications, Adv. Opt. Mater. 7 (2019) 1–23.
https://doi.org/10.1002/adom.201800522.

[2]

F.P.García De Arquer, A.Armin, P.Meredith, E.H.Sargent, Solutionprocessed semiconductors for next-generation photodetectors, Nat. Rev.
Mater. 2 (2017) 1–16. https://doi.org/10.1038/natrevmats.2016.100.

[3]

H.Kim, K.T.Lee, C.Zhao, L.J.Guo, J.Kanicki, Top illuminated organic
photodetectors with dielectric/metal/dielectric transparent anode, Org.
Electron. 20 (2015) 103–111. https://doi.org/10.1016/j.orgel.2015.02.012.

[4]

D.H.Kim, K.S.Kim, H.S.Shim, C.K.Moon, Y.W.Jin, J.J.Kim, A high
performance semitransparent organic photodetector with green color
selectivity, Appl. Phys. Lett. 105 (2014). https://doi.org/10.1063/1.4902871.

[5]

Z.Lan, L.Cai, D.Luo, F.Zhu, Narrowband Near-Infrared Perovskite /
Polymer Hybrid Photodetectors, ACS Appl. Mater. Interfaces. 13 (2021)
981–988. https://doi.org/10.1021/acsami.0c16047.

[6]

Z.Long, X.Xu, W.Yang, M.Hu, D.V.Shtansky, D.Golberg, X.Fang, CrossBar SnO2-NiO Nanofiber-Array-Based Transparent Photodetectors with
High

Detectivity,

Adv.

Electron.

Mater.

6

(2019)

1901048.

H.Nien,

M.Zhou,

https://doi.org/10.1002/aelm.201901048.
[7]

M.BinLien,

C.H.Liu,

I.Y.Chun,

S.Ravishankar,

J.A.Fessler, Z.Zhong, T.B.Norris, Ranging and light field imaging with
transparent

photodetectors,

Nat.

Photonics.

14

(2020)

143–148.

https://doi.org/10.1038/s41566-019-0567-3.
[8]

Z.Zhao, C.Xu, L.Niu, X.Zhang, F.Zhang, Recent Progress on Broadband
95

Organic Photodetectors and their Applications, Laser Photonics Rev. 14
(2020) 2000262. https://doi.org/10.1002/lpor.202000262.
[9]

Panasonic Corporation, Licensing IP Core for Semiconductors Complying
with

the

IEEE

1901-2020

International

Standard,

(2021).

https://news.panasonic.com/global/press/data/2021/03/en2103162/en210316-2.html.
[10] J.D.Myers, J.Xue, Organic semiconductors and their applications in
photovoltaic

devices,

Polym.

Rev.

52

(2012)

1–37.

https://doi.org/10.1080/15583724.2011.644368.
[11] N.Li, Z.Lan, L.Cai, F.Zhu, Advances in solution-processable near-infrared
phototransistors,

J.

Mater.

Chem.

C.

7

(2019)

3711–3729.

https://doi.org/10.1039/C8TC06078A.
[12] N.Li, W.Lan, Y.S.Lau, L.Cai, A.A.Syed, F.Zhu, Enhanced long wavelength
omnidirectional

photoresponses

photodetectors,

J.

Mater.

in

photonic-structured

Chem.

C.

7

(2019)

perovskite
9573–9580.

https://doi.org/10.1039/c9tc02149c.
[13] H.Dong, H.Zhu, Q.Meng, X.Gong, W.Hu, Organic photoresponse materials
and

devices,

Chem.

Soc.

Rev.

41

(2012)

1754–1808.

https://doi.org/10.1039/c1cs15205j.
[14] Q.Li, Y.Guo, Y.Liu, Exploration of Near-Infrared Organic Photodetectors,
Chem.

Mater.

31

(2019)

6359–6379.

https://doi.org/10.1021/acs.chemmater.9b00966.
[15] L.Shi, Q.Liang, W.Wang, Y.Zhang, G.Li, T.Ji, Y.Hao, Y.Cui, Research
progress in organic photomultiplication photodetectors, Nanomaterials. 8
(2018) 713. https://doi.org/10.3390/nano8090713.
[16] J.-E.Källhammer, The road ahead for car night-vision, Nat. Photonics. 9
96

(2006). https://doi.org/10.1038/nphoton.2006.5.
[17] K.Welsher, Z.Liu, S.P.Sherlock, J.T.Robinson, Z.Chen, D.Daranciang,
H.Dai, A route to brightly fluorescent carbon nanotubes for near-infrared
imaging

in

mice,

Nat.

Nanotechnol.

4

(2009)

773–780.

https://doi.org/10.1038/nnano.2009.294.
[18] X.Gao, Y.Cui, R.M.Levenson, L.W.K.Chung, S.Nie, In vivo cancer
targeting and imaging with semiconductor quantum dots, Nat. Biotechnol.
22 (2004) 969–976. https://doi.org/10.1038/nbt994.
[19] D.Yang, X.Zhou, D.Ma, A.Vadim, T.Ahamad, S.M.Alshehri, Near infrared
to visible light organic up-conversion devices with photon-to-photon
conversion efficiency approaching 30%, Mater. Horizons. 5 (2018) 874–882.
https://doi.org/10.1039/c8mh00572a.
[20] S.Liu, C.Lee, C.Yuan, W.Su, S.Lin, W.Chang, B.Huang, C.Lin, Y.Lee, T.Su,
K.Chen, Transparent Organic Upconversion Devices for Near- Infrared
Sensing,

Adv.

Mater.

27

(2015)

1217–1222.

https://doi.org/10.1002/adma.201404355.
[21] C.Yuan, C.Lee, C.Liu, Y.Lin, W.Su, S.Lin, K.Chen, Y.Li, W.Chang, Y.Li,
T.Su, Cathodic-controlled and near- infrared organic upconverter for local
blood

vessels

mapping,

Sci.

Rep.

6

(2016)

32324.

https://doi.org/10.1038/srep32324.
[22] H.Ding, L.Lu, Z.Shi, D.Wang, L.Li, X.Li, Y.Ren, C.Liu, D.Cheng, H.Kim,
N.C.Giebink, X.Wang, L.Yin, L.Zhao, M.Luo, X.Sheng, Microscale
optoelectronic infrared-to-visible upconversion devices and their use as
injectable light sources, Proc. Natl. Acad. Sci. 115 (2018) 6632–6637.
https://doi.org/10.1073/pnas.1802064115.
[23] J.Lu, Y.Zheng, Z.Chen, L.Xiao, Q.Gong, J.Lu, Y.Zheng, Z.Chen, L.Xiao,
97

Q.Gong, Optical upconversion devices based on photosensitizer-doped
organic light-emitting diodes, Appl. Phys. Lett. 91 (2007) 201107.
https://doi.org/10.1063/1.2813619.
[24] N.Li, Z.Lan, Y.S.Lau, J.Xie, D.Zhao, F.Zhu, SWIR Photodetection and
Visualization Realized by Incorporating an Organic SWIR Sensitive Bulk
Heterojunction,

Adv.

Sci.

7

(2020)

2000444.

https://doi.org/10.1002/advs.202000444.
[25] L.B.Allard, H.C.Liu, M.Buchanan, Z.R.Wasilewski, Pixelless infrared
imaging utilizing a p-type quantum well infrared photodetector integrated
with a light emitting diode, Appl. Phys. Lett. 70 (1997) 2784–2786.
https://doi.org/10.1063/1.119058.
[26] A.Boucherif, D.Ban, H.Luo, E.Dupont, Z.R.Wasilewski, H.C.Liu, Y.Paltiel,
A.Raizman, A.Sher, InAsSb based mid-infrared optical upconversion
devices operable at thermoelectric temperatures, Electron. Lett. 44 (2008)
312–313. https://doi.org/10.1049/el.
[27] J.Chen, J.Tao, D.Ban, M.G.Helander, Z.Wang, J.Qiu, Z.Lu, Hybrid
Organic/Inorganic Optical Up-Converter for Pixel-Less Near-Infrared
Imaging,

Adv.

Mater.

24

(2012)

3138–3142.

https://doi.org/10.1002/adma.201200587.
[28] J.Jiang, S.Tsao, T.O’Sullivan, M.Razeghi, G.J.Brown, Fabrication of indium
bumps for hybrid infrared focal plane array applications, Infrared Phys.
Technol. 45 (2004) 143–151. https://doi.org/10.1016/j.infrared.2003.08.002.
[29] P.W.Kruse, F.C.Pribble, R.G.Schulze, Solid‐State Infrared‐Wavelength
Converter Employing High‐Quantum‐Efficiency Ge‐GaAs Heterojunction,
J. Appl. Phys. 38 (1967) 1718. https://doi.org/10.1063/1.1709748.
[30] W.Cao, J.Li, H.Chen, J.Xue, Transparent electrodes for organic
98

optoelectronic devices: a review, J. Photonics Energy. 4 (2014) 040990.
https://doi.org/10.1117/1.jpe.4.040990.
[31] L.Li, H.Chen, Z.Fang, X.Meng, C.Zuo, M.Lv, Y.Tian, Y.Fang, Z.Xiao,
C.Shan, Z.Xiao, Z.Jin, G.Shen, L.Shen, L.Ding, An Electrically Modulated
Single-Color/Dual-Color Imaging Photodetector, Adv. Mater. 32 (2020)
1907257. https://doi.org/10.1002/adma.201907257.
[32] C.Li, H.Wang, F.Wang, T.Li, M.Xu, H.Wang, Z.Wang, X.Zhan, W.Hu,
L.Shen,

Ultrafast

and

broadband

photodetectors

based

on

a

perovskite/organic bulk heterojunction for large-dynamic-range imaging,
Light Sci. Appl. 9 (2020) 31. https://doi.org/10.1038/s41377-020-0264-5.
[33] Y.Wang, B.Siegmund, Z.Tang, Z.Ma, J.Kublitski, S.Xing, V.C.Nikolis,
S.Ullbrich, Y.Li, J.Benduhn, D.Spoltore, K.Vandewal, K.Leo, Stacked
Dual-Wavelength Near-Infrared Organic Photodetectors, Adv. Opt. Mater. 9
(2021) 2001784. https://doi.org/10.1002/adom.202001784.
[34] Z.Xie, Z.Deng, X.Zou, B.Chen, InP-Based near Infrared/Extended-Short
Wave Infrared Dual-Band Photodetector, IEEE Photonics Technol. Lett. 32
(2020) 1003–1006. https://doi.org/10.1109/LPT.2020.3008853.
[35] Y.Zhang, W.Xu, X.Xu, J.Cai, W.Yang, X.Fang, Self-powered dual-color
UV-Green

photodetectors

based

on

SnO2

millimeter

wire

and

microwires/CsPbBr3 particle heterojunctions, J. Phys. Chem. Lett. 10 (2019)
836–841. https://doi.org/10.1021/acs.jpclett.9b00154.
[36] E.H.Steenbergen, M.J.Dinezza, W.H.G.Dettlaff, S.H.Lim, Y.H.Zhang,
Optically-addressed two-terminal multicolor photodetector, Appl. Phys. Lett.
97 (2010) 161111. https://doi.org/10.1063/1.3505137.
[37] L.Cao, Y.Hou, L.Zhang, Design and simulation of bias-selectable few
photon dual-colour photodetector operating in visible and near-infrared
99

regions,

Optoelectron.

Lett.

16

(2020)

333–337.

https://doi.org/10.1007/s11801-020-9165-3.
[38] C.Li, J.Lu, Y.Zhao, L.Sun, G.Wang, Y.Ma, S.Zhang, J.Zhou, L.Shen,
W.Huang, Highly Sensitive, Fast Response Perovskite Photodetectors
Demonstrated in Weak Light Detection Circuit and Visible Light
Communication

System,

Small.

15

(2019)

1903599.

https://doi.org/10.1002/smll.201903599.
[39] B.Huang, J.Liu, Z.Han, Y.Gu, D.Yu, X.Xu, Y.Zou, High-performance
perovskite dual-band photodetectors for potential applications in visible light
communication, ACS Appl. Mater. Interfaces. 12 (2020) 48765–48772.
https://doi.org/10.1021/acsami.0c12161.
[40] K.Swaminathan, T.J.Grassman, L.M.Yang, Q.Gu, M.J.Mills, S.A.Ringel,
Optically-aligned visible/near-infrared dual-band photodetector materials
and devices on GaAs using metamorphic epitaxy, J. Appl. Phys. 110 (2011)
063109. https://doi.org/10.1063/1.3642981.
[41] E.T.Simola, A.DeIacovo, J.Frigerio, A.Ballabio, A.Fabbri, G.Isella,
L.Colace, Voltage-tunable dual-band Ge/Si photodetector operating in VIS
and

NIR

spectral range,

Opt.

Express.

27

(2019)

8529–8539.

https://doi.org/10.1364/oe.27.008529.
[42] Z.Lan, Y.Lei, W.K.E.Chan, S.Chen, D.Luo, F.Zhu, Near-infrared and visible
light dual-mode organic photodetectors, Sci. Adv. 6 (2020) eaaw8065.
https://doi.org/10.1126/sciadv.aaw8065.
[43] H.Luo, B.Wang, E.Wang, X.Wang, Y.Sun, Q.Li, S.Fan, C.Cheng, K.Liu,
Phase-Transition modulated, high-performance dual-mode photodetectors
based on WSe2/VO2 heterojunctions, Appl. Phys. Rev. 6 (2019) 041407.
https://doi.org/10.1063/1.5124672.
100

[44] Y.S.Lau, Z.Lan, L.Cai, F.Zhu, High-performance solution-processed largearea transparent self-powered organic near-infrared photodetectors, Mater.
Today

Energy.

21

(2021)

100708.

https://doi.org/10.1016/j.mtener.2021.100708.
[45] Y.S.Lau, Z.Lan, N.Li, F.Zhu, Large-Area Cesium Lead Bromide Perovskite
Light-Emitting Diodes Realized by Incorporating a Hybrid Additive, ACS
Appl.

Electron.

Mater.

2

(2020)

1113–1121.

https://doi.org/10.1021/acsaelm.0c00102.
[46] Y.Wang, J.Han, L.Cai, N.Li, Z.Li, F.Zhu, Efficient and stable operation of
nonfullerene organic solar cells: Retaining a high built-in potential, J. Mater.
Chem. A. 8 (2020) 21255–21264. https://doi.org/10.1039/d0ta08018g.
[47] W.Zhang, W.Lan, M.H.Lee, J.Singh, F.Zhu, A versatile solution-processed
MoO3/Au

nanoparticles/MoO3

hole

contact

for

high performing

PEDOT:PSS-free organic solar cells, Org. Electron. 52 (2018) 1–6.
https://doi.org/10.1016/j.orgel.2017.10.005.
[48] Z.Zhong, K.Li, J.Zhang, L.Ying, R.Xie, G.Yu, F.Huang, Y.Cao, HighPerformance All-Polymer Photodetectors via a Thick Photoactive Layer
Strategy, ACS Appl. Mater. Interfaces. 11 (2019) 14208–14214.
https://doi.org/10.1021/acsami.9b02092.
[49] Z.Wu, W.Yao, A.E.London, J.D.Azoulay, T.N.Ng, Elucidating the
Detectivity Limits in Shortwave Infrared Organic Photodiodes, Adv. Funct.
Mater. 28 (2018) 1800391. https://doi.org/10.1002/adfm.201800391.
[50] Z.Lan, Y.S.Lau, Y.Wang, Z.Xiao, L.Ding, D.Luo, F.Zhu, Filter-Free BandSelective Organic Photodetectors, Adv. Opt. Mater. 8 (2020) 2001388.
https://doi.org/10.1002/adom.202001388.
[51] Y.Fang, Q.Dong, Y.Shao, Y.Yuan, J.Huang, Highly narrowband perovskite
101

single-crystal photodetectors enabled by surface-charge recombination, Nat.
Photonics. 9 (2015) 679–686. https://doi.org/10.1038/nphoton.2015.156.
[52] J.Huang, J.Lee, J.Vollbrecht, V.V.Brus, A.L.Dixon, D.X.Cao, Z.Zhu, Z.Du,
H.Wang, K.Cho, G.C.Bazan, T.Q.Nguyen, A High-Performance SolutionProcessed Organic Photodetector for Near-Infrared Sensing, Adv. Mater. 32
(2020) 1906027. https://doi.org/10.1002/adma.201906027.
[53] X.Hu, X.Li, G.Li, T.Ji, F.Ai, J.Wu, E.Ha, J.Hu, Recent Progress of Methods
to

Enhance

Photovoltaic

Effect

for

Self-Powered

Heterojunction

Photodetectors and Their Applications in Inorganic Low-Dimensional
Structures,

Adv.

Funct.

Mater.

31

(2021)

2011284.

https://doi.org/10.1002/adfm.202011284.
[54] G.R.Adams, V.O.Eze, M.A.S.Shohag, R.Simpson, H.Parker, O.I.Okoli,
Fabrication of rapid response self-powered photodetector using solutionprocessed triple cation lead-halide perovskite, Eng. Res. Express. 2 (2020)
015043. https://doi.org/10.1088/2631-8695/ab7b38.
[55] A.K.Rana, M.Patel, T.T.Nguyen, J.H.Yun, J.Kim, Transparent Co3O4/ZnO
photovoltaic broadband photodetector, Mater. Sci. Semicond. Process. 117
(2020) 105192. https://doi.org/10.1016/j.mssp.2020.105192.
[56] S.Abbas, J.Kim, All-metal oxide transparent photodetector for broad
responses,

Sensors

Actuators

A

Phys.

303

(2020)

111835.

https://doi.org/10.1016/j.sna.2020.111835.
[57] M.Guan, L.Li, G.Cao, Y.Zhang, B.Wang, X.Chu, Z.Zhu, Y.Zeng, Organic
light-emitting diodes with integrated inorganic photo detector for nearinfrared optical up-conversion, Org. Electron. 12 (2011) 2090–2094.
https://doi.org/10.1016/j.orgel.2011.09.003.
[58] K.Strassel, A.Kaiser, S.Jenatsch, A.C.Véron, S.B.Anantharaman, E.Hack,
102

M.Diethelm, F.Nüesch, R.Aderne, C.Legnani, S.Yakunin, M.Cremona,
R.Hany, Squaraine Dye for a Visibly Transparent All-Organic Optical
Upconversion Device with Sensitivity at 1000 nm, ACS Appl. Mater.
Interfaces. 10 (2018) 11063–11069. https://doi.org/10.1021/acsami.8b00047.
[59] D.Y.Kim, T.H.Lai, J.W.Lee, J.R.Manders, F.So, Multi-spectral imaging
with infrared sensitive organic light emitting diode, Sci. Rep. 4 (2014) 5946.
https://doi.org/10.1038/srep05946.
[60] Y.Liu, T.Ding, H.Wang, Y.Zhang, C.Chen, X.Chen, Y.Duan, Improved
injection properties of self-passivated degenerated transparent electrode for
organic and perovskite light emitting devices, Appl. Surf. Sci. 504 (2020)
144442. https://doi.org/10.1016/j.apsusc.2019.144442.
[61] X.Chen, G.Xu, G.Zeng, H.Gu, H.Chen, H.Xu, H.Yao, Y.Li, J.Hou, Y.Li,
Realizing Ultrahigh Mechanical Flexibility and >15% Efficiency of Flexible
Organic Solar Cells via a “Welding” Flexible Transparent Electrode, Adv.
Mater. 32 (2020) 1908478. https://doi.org/10.1002/adma.201908478.
[62] D.S.Um, Y.Lee, T.Kim, S.Lim, H.Lee, M.Ha, Z.Khan, S.Kang, M.P.Kim,
J.Y.Kim, H.Ko, High-Resolution Filtration Patterning of Silver Nanowire
Electrodes for Flexible and Transparent Optoelectronic Devices, ACS Appl.
Mater.

Interfaces.

12

(2020)

32154–32162.

https://doi.org/10.1021/acsami.0c06851.
[63] Z.Qi, J.Cao, L.Ding, J.Wang, Transparent and transferrable organic
optoelectronic devices based on WO3/Ag/WO3 electrodes, Appl. Phys. Lett.
106 (2015) 053304. https://doi.org/10.1063/1.4907865.
[64] M.Q.Zhu, H.D.Jin, P.Q.Bi, F.J.Zong, J.Ma, X.T.Hao, Performance
improvement of TiO2/Ag/TiO2 multilayer transparent conducting electrode
films for application on photodetectors, J. Phys. D. Appl. Phys. 49 (2016)
103

115108. https://doi.org/10.1088/0022-3727/49/11/115108.
[65] H.Zhang, S.Jenatsch, J.DeJonghe, F.Nuësch, R.Steim, A.C.Véron, R.Hany,
Transparent organic photodetector using a near-infrared absorbing cyanine
dye, Sci. Rep. 5 (2015) 9439. https://doi.org/10.1038/srep09439.
[66] S.K.Hau, H.L.Yip, J.Zou, A.K.Y.Jen, Indium tin oxide-free semi-transparent
inverted polymer solar cells using conducting polymer as both bottom and
top

electrodes,

Org.

Electron.

10

(2009)

1401–1407.

https://doi.org/10.1016/j.orgel.2009.06.019.
[67] S.I.Na, S.S.Kim, J.Jo, D.Y.Kim, Efficient and flexible ITO-free organic solar
cells using highly conductive polymer anodes, Adv. Mater. 20 (2008) 4061–
4067. https://doi.org/10.1002/adma.200800338.
[68] Q.Li, J.Zhang, Q.Li, G.Li, X.Tian, Z.Luo, F.Qiao, X.Wu, J.Zhang, Review
of printed electrodes for flexible devices, Front. Mater. 5 (2019) 77.
https://doi.org/10.3389/fmats.2018.00077.
[69] E.S.Zaus, S.Tedde, T.Rauch, J.Fürst, G.H.Döhler, Design of highly
transparent organic photodiodes, IEEE Trans. Electron Devices. 55 (2008)
681–684. https://doi.org/10.1109/TED.2007.911628.
[70] Y.Zhang, S.W.Ng, X.Lu, Z.Zheng, Solution-Processed Transparent
Electrodes for Emerging Thin-Film Solar Cells, Chem. Rev. 120 (2020)
2049–2122. https://doi.org/10.1021/acs.chemrev.9b00483.
[71] V.Yeddu, G.Seo, F.Cruciani, P.M.Beaujuge, D.Y.Kim, Low-Band-Gap
Polymer-Based Infrared-to-Visible Upconversion Organic Light-Emitting
Diodes with Infrared Sensitivity up to 1.1 μ m, ACS Photonics. 6 (2019)
2368−2374. https://doi.org/10.1021/acsphotonics.9b00669.
[72] B.H.Yu, Y.Cheng, M.Li, S.Tsang, F.So, Sub-Band Gap Turn-On NearInfrared-to-Visible Up-Conversion Device Enabled by an Organic-Inorganic
104

Hybrid Perovskite Photovoltaic Absorber, ACS Appl. Mater. Interfaces. 10
(2018) 15920–15925. https://doi.org/10.1021/acsami.8b00592.
[73] H.Tachibana, N.Aizawa, Y.Hidaka, T.Yasuda, H.Tachibana, N.Aizawa,
Y.Hidaka, T.Yasuda, Tunable Full-Color Electroluminescence from AllOrganic Optical Upconversion Devices by Near-Infrared Sensing, ACS
Photonics. 4 (2017) 223–227. https://doi.org/10.1021/acsphotonics.6b00964.
[74] D.Y.Kim, K.R.Choudhury, J.W.Lee, D.W.Song, G.Sarasqueta, F.So, PbSe
Nanocrystal-Based Infrared-to-Visible Up-Conversion Device, Nano Lett.
11 (2011) 2109–2113. https://doi.org/10.1021/nl200704h.
[75] W.Zhou, Y.Shang, F.P.G.DeArquer, K.Xu, R.Wang, S.Luo, X.Xiao, X.Zhou,
R.Huang,

E.H.Sargent,

Z.Ning,

Solution-processed

upconversion

photodetectors based on quantum dots, Nat. Electron. 3 (2020) 251–258.
https://doi.org/10.1038/s41928-020-0388-x.
[76] N.Li, Y.S.Lau, Z.Xiao, L.Ding, F.Zhu, NIR to Visible Light Upconversion
Devices Comprising an NIR Charge Generation Layer and a Perovskite
Emitter,

Adv.

Opt.

Mater.

6

(2018)

1801084.

https://doi.org/10.1002/adom.201801084.
[77] W.Lv, J.Zhong, Y.Peng, Y.Li, X.Luo, L.Sun, F.Zhao, J.Zhang, H.Xia,
Y.Tang, S.Xu, Y.Wang, Organic near-infrared upconversion devices:
Design principles and operation mechanisms, Org. Electron. 31 (2016) 258–
265. https://doi.org/10.1016/j.orgel.2016.01.032.
[78] A.Phys, K.Shi, W.Wang, W.Deng, B.Xu, K.Wang, X.W.Sun, Highperformance all-solution-processed quantum dot near-infrared-to-visible
upconversion devices for harvesting photogenerated electrons, Appl. Phys.
Lett. 115 (2019) 221103. https://doi.org/10.1063/1.5124735.
[79] C.Melquíades, R.Aderne, A.Cuin, W.G.Quirino, M.Cremona, C.Legnani,
105

Investigation of Tin (II) 2,3-naphtalocyanine molecule used as near- infrared
sensitive layer in organic up-conversion devices, Opt. Mater. (Amst). 69
(2017) 54–60. https://doi.org/10.1016/j.optmat.2017.04.018.
[80] K.Lin, J.Xing, L.N.Quan, F.P.G.deArquer, X.Gong, J.Lu, L.Xie, W.Zhao,
D.Zhang, C.Yan, W.Li, X.Liu, Y.Lu, J.Kirman, E.H.Sargent, Q.Xiong,
Z.Wei, Perovskite light-emitting diodes with external quantum efficiency
exceeding

20

per

cent,

Nature.

562

(2018)

245–248.

https://doi.org/10.1038/s41586-018-0575-3.
[81] W.H.Choi, H.L.Tam, F.Zhu, D.Ma, H.Sasabe, J.Kido, High performance
semitransparent phosphorescent white organic light emitting diodes with bidirectional and symmetrical illumination, Appl. Phys. Lett. 102 (2013)
153308. https://doi.org/10.1063/1.4802723.
[82] L.Chen, M.H.Lee, Y.Wang, Y.S.Lau, A.A.Syed, F.Zhu, Interface dipole for
remarkable efficiency enhancement in all-solution-processable transparent
inverted quantum dot light-emitting diodes, J. Mater. Chem. C. 6 (2018)
2596–2603. https://doi.org/10.1039/c8tc00303c.
[83] M.Liu, G.Zhong, Y.Yin, J.Miao, K.Li, C.Wang, X.Xu, C.Shen, H.Meng,
Aluminum-Doped Cesium Lead Bromide Perovskite Nanocrystals with
Stable Blue Photoluminescence Used for Display Backlight, Adv. Sci. 4
(2017) 1700335. https://doi.org/10.1002/advs.201700335.
[84] H.Wu, Y.Zhang, X.Zhang, M.Lu, C.Sun, X.Bai, T.Zhang, G.Sun, W.W.Yu,
Fine-Tuned Multilayered Transparent Electrode for Highly Transparent
Perovskite Light-Emitting Devices, Adv. Electron. Mater. 4 (2018) 1700285.
https://doi.org/10.1002/aelm.201700285.
[85] O.Voznyy,

B.R.Sutherland,

A.H.Ip,

D.Zhitomirsky,

E.H.Sargent,

Engineering charge transport by heterostructuring solution-processed
106

semiconductors,

Nat.

Rev.

Mater.

2

(2017)

17026.

https://doi.org/10.1038/natrevmats.2017.26.
[86] J.Albero, H.García, Luminescence control in hybrid perovskites and their
applications,

J.

Mater.

Chem.

C.

5

(2017)

4098–4110.

https://doi.org/10.1039/c7tc00714k.
[87] M.Lu, Y.Zhang, S.Wang, J.Guo, W.W.Yu, A.L.Rogach, Metal Halide
Perovskite Light-Emitting Devices: Promising Technology for NextGeneration

Displays,

Adv.

Funct.

Mater.

29

(2019)

1902008.

https://doi.org/10.1002/adfm.201902008.
[88] Y.Ling, Y.Tian, X.Wang, J.C.Wang, J.M.Knox, F.Perez-Orive, Y.Du, L.Tan,
K.Hanson, B.Ma, H.Gao, Enhanced Optical and Electrical Properties of
Polymer-Assisted All-Inorganic Perovskites for Light-Emitting Diodes, Adv.
Mater. 28 (2016) 8983–8989. https://doi.org/10.1002/adma.201602513.
[89] L.P.Cheng, J.S.Huang, Y.Shen, G.P.Li, X.K.Liu, W.Li, Y.H.Wang, Y.Q.Li,
Y.Jiang, F.Gao, C.S.Lee, J.X.Tang, Efficient CsPbBr3 Perovskite LightEmitting Diodes Enabled by Synergetic Morphology Control, Adv. Opt.
Mater. 7 (2019) 1801534. https://doi.org/10.1002/adom.201801534.
[90] Z.Wang, Z.Luo, C.Zhao, Q.Guo, Y.Wang, F.Wang, X.Bian, A.Alsaedi,
T.Hayat, Z.Tan, Efficient and Stable Pure Green All-Inorganic Perovskite
CsPbBr3 Light-Emitting Diodes with a Solution-Processed NiOx Interlayer,
J.

Phys.

Chem.

C.

121

(2017)

28132–28138.

https://doi.org/10.1021/acs.jpcc.7b11518.
[91] J.Li, S.G.R.Bade, X.Shan, Z.Yu, Single-Layer Light-Emitting Diodes Using
Organometal Halide Perovskite/Poly(ethylene oxide) Composite Thin Films,
Adv. Mater. 27 (2015) 5196–5202. https://doi.org/10.1002/adma.201502490.
[92] Z.Wang, F.Wang, W.Sun, R.Ni, S.Hu, J.Liu, B.Zhang, A.Alsaed, T.Hayat,
107

Z.Tan, Manipulating the Trade-off Between Quantum Yield and Electrical
Conductivity for High-Brightness Quasi-2D Perovskite Light-Emitting
Diodes,

Adv.

Funct.

Mater.

28

(2018)

1804187.

https://doi.org/10.1002/adfm.201804187.
[93] F.Jin, B.Zhao, B.Chu, H.Zhao, Z.Su, W.Li, F.Zhu, Morphology control
towards bright and stable inorganic halide perovskite light-emitting diodes,
J. Mater. Chem. C. 6 (2018) 1573–1578. https://doi.org/10.1039/c7tc04631f.
[94] L.Song, X.Guo, Y.Hu, Y.Lv, J.Lin, Z.Liu, Y.Fan, X.Liu, Efficient Inorganic
Perovskite Light-Emitting Diodes with Polyethylene Glycol Passivated
Ultrathin CsPbBr3 Films, J. Phys. Chem. Lett. 8 (2017) 4148–4154.
https://doi.org/10.1021/acs.jpclett.7b01733.
[95] R.Begum,

M.R.Parida,

A.L.Abdelhady,

B.Murali,

N.M.Alyami,

G.H.Ahmed, M.N.Hedhili, O.M.Bakr, O.F.Mohammed, Engineering
interfacial charge transfer in CsPbBr3 perovskite nanocrystals by
heterovalent

doping, J. Am. Chem. Soc. 139 (2017) 731–737.

https://doi.org/10.1021/jacs.6b09575.
[96] B.Zhao, Y.S.Lau, A.A.Syed, F.Jin, F.Zhu, Effect of small molecule additives
on efficient operation of all inorganic polycrystalline perovskite lightemitting

diodes,

J.

Mater.

Chem.

C.

7

(2019)

5293–5298.

https://doi.org/10.1039/c8tc05988h.
[97] L.Lebreton, B.Slat, F.Ferrari, B.Sainte-Rose, J.Aitken, R.Marthouse,
S.Hajbane, S.Cunsolo, A.Schwarz, A.Levivier, K.Noble, P.Debeljak,
H.Maral, R.Schoeneich-Argent, R.Brambini, J.Reisser, Evidence that the
Great Pacific Garbage Patch is rapidly accumulating plastic, Sci. Rep. 8
(2018) 4666. https://doi.org/10.1038/s41598-018-22939-w.
[98] J.Miao, F.Zhang, M.Du, W.Wang, Y.Fang, Photomultiplication Type
108

Organic Photodetectors with Broadband and Narrowband Response Ability,
Adv.

Opt.

Mater.

6

(2018)

1800001.

https://doi.org/10.1002/adom.201800001.
[99] L.Shen, Y.Fang, H.Wei, Y.Yuan, J.Huang, A Highly Sensitive Narrowband
Nanocomposite Photodetector with Gain, Adv. Mater. 28 (2016) 2043–2048.
https://doi.org/10.1002/adma.201503774.
[100] W.Wang, L.Shi, Y.Zhang, G.Li, Y.Hao, F.Zhu, K.Wang, Y.Cui, Effect of
photogenerated carrier distribution on performance enhancement of
photomultiplication organic photodetectors, Org. Electron. 68 (2019) 56–62.
https://doi.org/10.1016/j.orgel.2019.01.055.
[101] H.Kim, W.Kim, Y.Pak, T.J.Yoo, H.W.Lee, B.H.Lee, S.Kwon, G.Y.Jung,
Bias-Modulated Multicolor Discrimination Enabled by an OrganicInorganic Hybrid Perovskite Photodetector with a p-i-n-i-p Configuration,
Laser

Photonics

Rev.

https://doi.org/10.1002/lpor.202000305.

109

14

(2020)

2000305.

List of Publications
1. Ying Suet Lau, Zhaojue Lan, Linfeng Cai, Furong Zhu, Photomultiplication
and Photovoltaic Dual-mode Organic Photodetectors, to be submitted for
publication.
2. Ying Suet Lau, Zhaojue Lan, Linfeng Cai, Furong Zhu, High-performance
Solution-processed Large-area Transparent Self-powered Organic Nearinfrared Photodetectors. Materials Today Energy, 21 (2021) 100708.
3. Ying Suet Lau, Furong Zhu, Visualization of Near-infrared Light and
Applications. Chinese Journal of Liquid Crystal and Displays, 36 (2021) 78104.
4. Ying Suet Lau, Zhaojue Lan, Ning Li, Furong Zhu, Large-area Cesium Lead
Bromide Perovskite Light-emitting Diodes Realized by Incorporating a Hybrid
Additive. ACS Applied Electronic Materials, 2 (2020) 1113–1121.
5. Zhaojue Lan, Ying Suet Lau, Yiwen Wang, Zuo Xiao, Liming Ding, Dan Luo,
Furong Zhu, Filter‐Free Band‐Selective Organic Photodetectors. Advanced
Optical Materials, 8 (2020) 2001388.
6. Ning Li, Zhaojue Lan, Ying Suet Lau, Jiajun Xie, Dahui Zhao, Furong Zhu,
SWIR Photodetection and Visualization Realized by Incorporating an Organic
SWIR Sensitive Bulk Heterojunction. Advanced Science, 7 (2020) 2000444.
7. Tik Lun Leung, Ho Won Tam, Fangzhou Liu, Jingyang Lin, Alan Man Ching
Ng, Wai Kin Chan, Wei Chen, Zhubing He, Ivor Lončarić, Luca Grisanti, Chao
Ma, Kam Sing Wong, Ying Suet Lau, Furong Zhu, Željko Skoko, Jasminka
Popović, Aleksandra B Djurišić, Mixed Spacer Cation Stabilization of Blue‐
Emitting n=2 Ruddlesden–Popper Organic–Inorganic Halide Perovskite Films.
110

Advanced Optical Materials, 8 (2020) 1901679.
8. Ning Li, Weixia Lan, Ying Suet Lau, Linfeng Cai, Ali Asgher Syed, Furong
Zhu, Enhanced Long Wavelength Omnidirectional Photoresponses in Photonicstructured Perovskite Photodetectors. Journal of Materials Chemistry C, 7
(2019) 9573-9580.
9. Bo Zhao, Ying Suet Lau, Ali Asgher Syed, Fangming Jin, Furong Zhu, Effect
of Small Molecule Additives on Efficient Operation of All Inorganic
Polycrystalline Perovskite Light-emitting Diodes. Journal of Materials
Chemistry C, 7 (2019) 5293-5298.
10. Ning Li, Ying Suet Lau, Yanqin Miao, Furong Zhu, Electroluminescence and
Photo-response of Inorganic Halide Perovskite Bi-functional Diodes.
Nanophotonics, 7 (2018) 1981-1988.
11. Ning Li, Ying Suet Lau, Zuo Xiao, Liming Ding, Furong Zhu, NIR to Visible
Light Upconversion Devices Comprising an NIR Charge Generation Layer and
a Perovskite Emitter. Advanced Optical Materials, 6 (2018) 1801084.
12. Lixiang Chen, Min-Hsuan Lee, Yiwen Wang, Ying Suet Lau, Ali Asgher Syed,
Furong Zhu, Interface Dipole for Remarkable Efficiency Enhancement in Allsolution-processable Transparent Inverted Quantum Dot Light-emitting Diodes.
Journal of Materials Chemistry C, 6 (2018) 2596-2603.

111

List of Conferences/Workshop Presentations
1. Ying Suet Lau, Oral Presentation: Improved Hole Transport Property for
Efficient Solution-processed All Inorganic Perovskite LEDs, SCUT-HKBU
Joint Workshop, 18 January – 20 January 2018, South China University of
Technology, Guangdong, China.
2. Ying Suet Lau, Poster Presentation: Suppression of Trap Density and Nonradiative Charge Recombination for High Performing Inorganic Green
Perovskite Light Emitting Diodes, E-MRS 2018 Fall Meeting, 17 September –
20 September 2018, European Materials Research Society, Poland.
3. Ying Suet Lau, Poster Presentation: Suppression of Trap Density and Nonradiative Charge Recombination for High Performing Inorganic Green
Perovskite Light Emitting Diodes, The 4th International Conference on
Perovskite Solar Cells and Optoelectronics (PSCO-2018), 30 September – 02
October 2018, École polytechnique fédérale de Lausanne, Switzerland.
4. Ying Suet Lau, Poster Presentation: Suppression of Trap Density and Nonradiative Charge Recombination for High Performing Inorganic Green
Perovskite Light Emitting Diodes, The 11th Natural Symposium on Electronic
Process in Organic Solids, 26 October – 29 October 2018, Chinese Chemical
Society, Qingdao, China.
5. Ying Suet Lau, Poster Presentation: Suppression of Trap Density and Nonradiative Charge Recombination for High Performing Inorganic Green
Perovskite Light

Emitting Diodes, 3rd International Conference on

Optoelectronics 2018 (ICOOE 2018), 30 November – 02 December 2018,
Ningbo Institute of Materials Technology& Engineering, Chinese Academy of
Sciences, Ningbo, China
112

6. Ying Suet Lau, Oral Presentation: High performing inorganic halide perovskite
bi-functional diodes, Dalian Organic / Inorganic Photoelectric Workshop 2019,
31 July – 02 August 2019, Dalian University of Technology, Dalian, China.
7. Ying Suet Lau, Poster Presentation: High Performance Green Perovskite Lightemitting Diodes with Glycol Ether Additive-assisted Controlled Crystal Growth,
The 11th Asian Conference on Organic Electronics, 06 November – 09
November 2019, MCUT Department of Electronic Engineering / Organic
Electronics Research Center, Taiwan.

113

CURRICULUM VITAE

Academic qualification of the thesis author, Miss. LAU Ying Suet:


Received the degree of Bachelor of Science (Honours) from
Hong Kong Baptist University, November 2017.
August 2021

114

