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Abstract  

Near infrared (NIR) light detection has drawn substantial attentions in a variety of 

applications. NIR detectors prepared by the solution processable organic 

semiconductors and organic-inorganic hybrid material systems have the 

advantages for achieving flexible, light weight and large area NIR detection 

devices. The aim of this research work is to study the modulation of the 

photo-generated charge carriers in perovskite and polymer systems for attaining 

high performing solution-processable NIR phototransistors (PTs) and photodiodes 

(PDs).  

The photoresponsivity of PTs can be tuned by controlling the gate bias, e.g., 

working with a photoconductive or a photovoltaic mode. In the first part of this 

thesis, the effect of charge carrier manipulation on performance enhancement of 

ultraviolet (UV)-visible-NIR PTs with an organo-lead halide perovskite/polymer 

heterojunction bi-layer channel is discussed. Compared to the performance of the 

polymer only PTs, the PTs with a perovskite/polymer hybrid channel exhibit a 

profound broadband enhancement in photoresponsivity over the light wavelength 

range from UV to NIR. It is shown that the improved performance in the hybrid 

perovskite/polymer PTs is closely associated with the efficient charge separation 

and transfer between the perovskite and polymer functional layers in the 

heterojunction. At the off-state, the conduction of the holes in the polymer 

channel is suppressed due to the absence of the holes in the channel, caused by the 

positive gate voltage. The high conduction of the holes in the hybrid PTs, 

however, can be realized via the perovskite layer in the perovskite/polymer 

heterojunction, serving as an effective channel. Therefore, the photoresponsivity 

of the hybrid PTs can be greatly enhanced as compared to that of the control 
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polymer PTs, enabled by the high light absorption in the perovskite layer. While 

at the on-state, the holes present near the vicinity of the polymer/dielectric 

interface, induced by the negative gate voltage, can be transported effectively in 

the polymer channel. The combination of the unique charge manipulation 

capability, enabled by the charge transfer from the perovskite to the polymer, and 

the high-gain of the photoconduction in the hybrid PTs is responsible for the 

enhanced photoresponsivity. 

As discussed in the previous section, the use of a bi-layer perovskite/polymer 

configuration helps to enhance the light detection, due to the efficient charge 

separation at the bi-layer perovskite/polymer heterojunction interface. With the 

success in developing the bi-layer perovskite/polymer PTs, the enhancement in 

NIR detection is further realized in PTs by incorporating a bulk heterojunction 

(BHJ) channel. The BHJ channel is formed by blending NIR sensitive polymer 

donor with three different acceptor materials for enhancing exciton dissociation 

and charge separation efficiency. It is shown that the use of donor/acceptor (D/A) 

BHJ greatly facilitates the dissociation of photo generated excitons. The efficient 

exciton dissociation helps to boost the utilization of the photo generated excitons, 

and thereby improves the photoresponsivity. The acceptor material has much 

higher electron affinity as compared to that in the donor material, trapping the 

electrons in the acceptor domain. The electron trapping results in a longer lifetime 

of the minority carriers, leading to an enhanced photoconductive gain. In the 

meantime, the accumulation of the negative charges near the electrode helps the 

hole injection to the polymer channel, thereby further improving the photon to 

current conversion efficiency. As a consequence, the photoresponsivity and 

sensitivity of the PTs with a BHJ channel, e.g., using one of the three D/A blend 
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systems, consistently outperformed that of the PTs having a donor polymer 

channel. It is found that fullerene based acceptors has a less effect on the 

morphology of the BHJ channel and a negligible influence on the crystallinity of 

donor, therefore, PTs with BHJs comprising fullerene acceptors as active channels 

achieve the highest NIR responsivity and sensitivity as compared to that of the 

others. 

Although the PTs with a BHJ channel possess high photoresponsivity, the 

photosensitivity of these NIR PTs is still less than satisfactory. A comprehensive 

study for understanding the underlying mechanism of high photosensitivity NIR 

PTs is then carried out. The results reveal that the channel carrier density with the 

absence of NIR illumination has a profound influence on the photosensitivity of 

the NIR PTs. The origin of the modulation in carrier density in the channel is 

investigated by analyzing the crystallinity and the activation energy (Ea) of the 

charge carriers. The low crystallinity of the active layer is closely associated with 

a high Ea, featuring more amorphous domains in the channel, hindering the hole 

transportation in the PT channel without NIR illumination and thereby resulting in 

lower carrier density in the channel. With NIR light incidence, the mobile charge 

carriers, created due to the dissociation of the photo generated excitons under the 

external electrical field, result in a dramatic increase in carrier density in the 

active channel. The increase in carrier density under NIR illumination, gives rise 

to a higher channel current, thereby a higher photosensitivity. As a result, the 

photosensitivity of the NIR PTs can be augmented effectively by controlling the 

carrier density in the channel. 

NIR photo detectors are usually arranged in arrays for application in NIR 

imaging. In these imaging devices, each NIR detector serves as a pixel. A 
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complex external circuit is required for data acquisition and image processing, 

involving complicated and high-cost fabrication procedures. A pixel-less NIR 

imaging device based on light up-conversion from near-infrared to green is 

demonstrated. A polymer donor/non-fullerene acceptor BHJ serving as the NIR 

sensitive unit is integrated monolithically with a perovskite-based light emitting 

diode (LED) unit for achieving light up-conversion from NIR to visible light. The 

BHJ serves as an NIR sensitive hole injection layer in the perovskite LEDs. 

Therefore, the efficient electroluminescence in area where NIR-induced efficient 

charge injection occurs in the LEDs can be displayed clearly, producing the 

visible light image. The polymer donor/non-fullerene acceptor BHJ with a 

simultaneous high NIR light absorption and low visible light absorption capability 

is responsible for attaining high performing NIR-to-visible up conversion. 

The photoresponsivity of perovskite based UV-Visible-NIR photodiodes 

(PDs) is discussed in the last part of the thesis. A periodic nano-grating hole 

transporting layer (HTL), formed by the nano-imprinting, is adopted for 

enhancing the photoresponsivity of the PDs. Theoretical simulation reveals that 

the periodic nano-grating HTL helps to improve light absorption in the active 

layer, caused by the enhanced light in-coupling effect. In the meantime, the 

nano-grating HTL based PDs exhibit weak angular dependency as compared to 

that of the planar control ones which is appealing for wide angle light detections. 
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Fig. 6. 3 J-V and L-V characteristics measured for the NIR to visible light 

up-conversion devices made with different DPP-DTT:COi8DFIC NIR charge 

generation layer thicknesses of (a) 45 nm, (b) 67 nm and (c) 91 nm. (d) The 

luminance On/Off ratio, defined as the ratio of the luminance of the up-conversion 

device in the presence of NIR to that measured for the device in the absence of 

NIR, as a function of the voltage. The On/Off ratio in (d) was calculated from (a), 

(b) and (c). The NIR light intensity is ~5 mW/cm2. 

Fig. 6. 4 Current efficiency characteristics measured for the NIR to visible light 

up-conversion devices made with different NIR CGLs of (a) DPP-DTT:PC70BM 

and (b) DPP-DTT:COi8DFIC. The up-conversion efficiency, defined as the ratio 

of the number of visible light photons emitted by the up-conversion devices in the 

presence of NIR illumination to the number of incident NIR photons, as a 

function of the operating voltage measured for (c) DPP-DTT:PC70BM based and 

(d) DPP-DTT:COi8DFIC based up-conversion devices. 

Fig. 6. 5 (a) The schematic cross-sectional view of the NIR photodiode, (b) The 

normalized absorption spectra measured for the DPP-DTT:PC70BM and 

DPP-DTT:COi8DFIC BHJs used in the NIR photodiode, the spectrum of an NIR 

LED used in the measurement, and the EL spectrum of a CsPbBr3 LED. (c) The 

normalized EQE spectra measured for the photodiodes having DPP-DTT:PC70BM 

(65 nm thick) and DPP-DTT:COi8DFIC BHJ (67 nm thick) NIR charge 

generation layers. (d) The NIR photoresponse, photocurrent-voltage 

characteristics measured for the photodiodes under different intensities of NIR 

irradiations. 

Fig. 6. 6 Schematic diagrams showing the energy levels of the functional 

materials used in the up-conversion devices, and the up-conversion processes of 

(a) hindering hole injection in the absence of NIR light illumination, and (b) BHJ 

based NIR charge generation layer that enables facilitating the hole injection in 

CsPbBr3-based perovskite LED, creating visible light emission. 

Fig. 6. 7 (a) The transient photocurrent responses measured for the 

DPP-DTT:PC70BM (65 nm thick) and DPP-DTT:COi8DFIC (67 nm thick) based 

up-conversion devices using a 2 kHz frequency modulated NIR source. (b) 

Comparison of the typical responses of the corresponding up-conversion devices, 
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the duty cycle of the NIR signal also is plotted for reference. The rising time of 

the up-conversion devices with different NIR charge generation layers of 

DPP-DTT:PC70BM and DPP-DTT:COi8DFIC are estimated to be 95 us and 76 us 

respectively. 

Fig. 6. 8 (a) EL emission spectra measured for an up-conversion device, having a 

67 nm thick DPP-DTT:COi8DFIC NIR charge generation layer, at different 

driving voltages using a steady state NIR irradiation of ~5 mW/cm2. (b) The CIE 

coordinates of EL spectrum measured for the DPP-DTT:COi8DFIC (67 nm) based 

up-conversion device, the CIE coordinates of the EL for other up-conversion 

devices reported in the literatures also are presented in the CIE chromaticity 

diagram for comparison. 

Fig. 6. 9 Photo picture of an up-conversion device having a 67 nm thick 

DPP-DTT:COi8DFIC NIR CGL, (a) in the absence of NIR light, (b) in the 

presence of NIR light. The photo pictures taken for the same up-conversion 

device operated using (c) dot, (d) vertical stripe and (e) lateral strip shaped NIR 

light sources. The NIR light sources with a wavelength of 850 nm and an intensity 

of 1 mW/cm2 were used in the measurements. All the devices were operated at 

3V. 

 

Fig. 7. 1 (a) A schematic cross-sectional view of a perovskite photodiode with a 

nano-grating PEDOT:PSS HTL. (b) The energy diagram of the respective 

functional materials used in the perovskite photodiode. (c) Schematic diagrams 

illustrating the processes of nano-imprinted PEDOT:PSS HTL using a PDMS 

mold. 

Fig. 7. 2 SEM images showing the surface of the nano-grating HTL, (a) 10 m 

resolution, (b) 2 m resolution, (c) side view SEM image of the imprinted 

PEDOT:PSS HTL. AFM measurements showing (d) 3D image, (e) flatten profile 

and (f) line profile of the imprinted HTL. The periodicity of the nano-grating is 

~900 nm and the height is ~45 nm. 

Fig. 7. 3 SEM images measured for the surfaces of (a) PbI2 layer on the grating 

HTL with different magnifications, (b) the two-step prepared MAPbI3 layer on the 

planar HTL and (c) the two-step prepared MAPbI3 layer on the grating HTL. 
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Fig. 7. 4 XRD patterns measured for (a) PbI2 layer on grating HTL, (b) the 

two-step prepared MAPbI3 layer on the planar HTL and (c) the two-step prepared 

MAPbI3 layer on the grating HTL. 

Fig. 7. 5 (a) Absorbance spectra measured for the perovskite films grown the on 

planar and grating HTLs. The thickness of perovskite films was controlled to be 

~220 nm. (b) Wavelength dependent EQE and responsivity spectra measured for 

the photodiodes with perovskite active layers grown on the planar and grating 

HTLs. 

Fig. 7. 6 FDTD simulation results, (a) Absorption spectra of perovskite layers on 

the planar HTL and grating HTLs having different periodicities of 600 nm, 900 

nm and 1200 nm. The inset in (a) is the integrated absorption of the perovskite 

films calculated over the wavelength range from 300 to 800 nm. (b) The 

perovskite/HTL interfacial reflection, calculated for the perovskite on planar and 

nano-grating HTLs with different periodicities, as a function of the wavelength. 

The inset in (b) is the integrated reflection calculated over the wavelength range 

from 300 to 800 nm. (c) The comparison of absorption enhancement in perovskite 

layer and reflection reduction at the perovskite/grating HTL interface for grating 

HTL based devices as compared to that of the planar HTL based devices. (d) 

Absorption in perovskite layer in nano-grating based PD (periodicity of 900 nm) 

as a function of the polarization of incident light. The insets in (d) are schematic 

diagrams illustrating the polarization of the incident light being perpendicular and 

parallel to the grating direction. 

Fig. 7. 7 (a) Steady state and (b) time resolved PL characteristics measured for the 

perovskite films grown on the planar and nano-grating HTLs. The solid lines in (b) 

are the fitting data. 

Fig. 7. 8 (a) Normalized transient photoresponses of the photodiodes. The inset in 

(a) shows a typical laser (532 nm) pulse with a duration of ~30 ns. (b) Specific 

detectivity of the planar and grating HTL based photodiodes as a function of the 

wavelength. The corresponding dark current-voltage characteristics are plotted in 

the inset in (b). 

Fig. 7. 9 Angular dependency properties of photoresponsivity for the planar and 

nano-grating based PDs. The Ratio is defined as Ratio=Rangle/Rnormal, where Rnormal 

and Rangle represent the photoresponsivity of the PDs under normal light 

illumination and at a specific angle. (a) Contour map of the Ratio for the planar 
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PDs as a function of incident angle and wavelength. The Ratio for the 

nano-grating based PDs with the plane of incident light being (b) perpendicular 

and (c) parallel to the grating direction, as a function of angle and wavelength. (d) 

The integrated Ratio-incident angle correlations for the planar and nano-grating 

HTL based PDs. 
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Chapter 1: Introduction  

1.1 Background and Motivation 

Near infrared (NIR) light, typically over the wavelength range from 750-2500 nm, 

is one of the most important wavebands in a variety of applications including bio 

imaging, telecommunication, night vision and so on1–3. The NIR light is beyond 

the capability of human vision since the visible range is from 380 nm to 750 nm. 

There are various techniques for NIR light detection, e.g., transferring NIR signal 

to electrical signal by NIR detectors4,5, converting NIR light to visible light for 

direct observation using NIR to visible up-conversion device6,7. 

The traditional NIR sensitive systems usually employ inorganic materials 

which are brittle, rigid and require sophisticated fabricating processes, hindering 

their applications in large area, flexible devices at low cost. With the rapid 

progresses of solution processable semiconductors like conjugated organic 

materials5 and organic-inorganic hybrid materials8,9, new types of NIR detection 

techniques can be made at a low cost utilizing innovative techniques, such as 

inject-printing, roll-to-roll printing for mass production. The intrinsic 

mechanically flexible, light weight properties of these materials make them highly 

desirable not only in scientific researches but also promising in industrial 

productions. Theses NIR sensitive materials with desirable solution processability 

are potentially promising candidates for complementary uses to traditional 

techniques. Despite the emerging of new materials and progresses in insight of the 

material point of view, the understanding of the underlying NIR detection 

mechanism is also a prerequisite for developing high performing these NIR 

detection devices. Light absorption, charge photogeneration, and charge transport 

processes play a critical role in determining the detection capabilities of the NIR 
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detection devices. A detailed and systematic investigation on understanding the 

device physics is of vital importance for the development of high performing NIR 

photodetectors. 

To address these fundamental issues for desirable NIR detection, in this 

research work, a new design concept of NIR detectors with regarding to the 

manipulation of charge carriers in the devices is proposed and demonstrated. The 

objective is to gain an insight into the correlation between dynamics of the 

photogenerated charge carriers, including charge separation and transportation, 

and the performance of the NIR detectors. 

1.2 NIR Light Detection Techniques 

1.2.1 Basics of NIR Light and Applications 

 

Fig. 1. 1 Electromagnetic waves in nature and the typical respective applications. 

The electromagnetic waves in nature, as shown in Fig. 1.1, cover the broadband 

from very short wavelength high photon energy 𝛾ray to ultra-long wavelength 

radio wave. Among them, a small fraction is visible to human eyes which is the 

visible range from 380 nm to 750 nm. The NIR light is located near the visible 

light with longer wavelength from the visible edge to ~2500 nm. Ever since the 

discovery of infrared (IR) light by Frederick William Herschel, the increasing 
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understanding of this range has promoted many new applications benefiting 

human’s life.  

Due to the unique properties of infrared light, its generation and detection are 

quite useful in many applications like telecommunication1, biological imaging2, 

thermal therapy3 and night vision as shown in Fig. 1.2. For instance, NIR light 

can be used for communications due to low chromatic dispersion in functional 

fibers. In addition, NIR light exhibits deeper penetration in biological tissues10, 

making it useful in a variety of applications like bio-imaging to assist medical 

diagnosis. In these applications, the detection of NIR light is critical. Nevertheless, 

NIR light has a longer wavelength than that of the visible light, which is beyond 

the human vision capability. An NIR detector that is capable of transferring light 

signal into detectable signal is highly desired. 

 

Fig. 1. 2 Examples of infrared photodetector applications: (a) Telecommunication, (b) 

bio-imaging, (c) thermal therapy and (d) Night vision. 
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1.2.2 Operation Principles of NIR Photodetectors 

Typically, NIR photodetectors are capable of transferring incident light signal into 

electrical signal processable by the external circuit. The light absorption, charge 

generation and transportation processes, as a combination, have large impact on 

the detection abilities of the detectors. The suitable choice of an active media 

targeting the detection spectrum and device design facilitating efficient 

photogenerated charge collection are the prerequisite for attaining high 

performing NIR detection.  

Traditional infrared light detection is hampered by their drawbacks 

considering high fabrication costs, sophisticated procedures and high energy 

consuming. As a complementary choice, solution processable semiconductors 

offer the opportunity for optoelectronic devices to be fabricated using facile 

techniques at low cost. The diversity of these functional semiconducting materials 

enables the various forms of device configuration and working mechanism in the 

NIR detection. Organic semiconductors and some organic-inorganic hybrid 

materials are found to be suitable for NIR light detection with good absorption 

coefficient and charge transport properties. Through solution-based processes, 

these semiconducting materials can be facilely fabricated on different types of 

substrates with large area processability. 

Substantial efforts have been devoted to the synthesis and modification of the 

functional materials to meet the specific requirements for NIR detection5,11. 

Consequently, the NIR detection benefits a lot from the abundant choices. 

Organic semiconductors, with chemically tailorable properties, e.g. bandgap and 

charge mobility, are versatile in NIR light detection. The sensitive spectrum of 

organic materials can cover the whole NIR region12. Some organic-inorganic 
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hybrid compounds, perovskite for example, also exhibit tunable and tailorable 

optoelectronic properties13. This group of semiconductors is superior to organic 

ones in terms of charge mobility14 and diffusion length15. In the meantime, the 

nanocrystals of some bulk inorganic semiconductor materials like PbS16, HgTe17 

etc. that are used in traditional infrared detectors, can also be synthesized to meet 

the requirement for solution fabrication processes. The optoelectronic properties 

of the nanocrystal semiconductors are closely dependent on the crystal size18 and 

the passive ligands. However, synthesis of these nanocrystals usually associates 

with the complex chemical reactions and the presence of the surface functional 

ligands plays a role in affecting the optoelectronic properties of the semiconductor 

nanocrystals. 

Apart from the choice of the semiconducting materials that are used in NIR 

photodetectors, the device configuration is another factor affecting the 

performance of NIR photodetectors. There are two typical device structures of 

NIR detectors: (1) vertical configuration and (2) lateral configuration as shown in 

Fig. 1.3. The structure of the vertical type detectors, or known as the photodiodes, 

is like that of the solar cells. The NIR sensitive layer is sandwiched between 

electron transporting layer and hole transporting layer in a vertical layout. Both 

electrodes are used to collect photo generated charges. The transparent electrodes 

are usually required in detectors with a stacked configuration, often contain rare 

earth elements making them expensive and increases the device fabrication cost. 

In the lateral configuration, the electrodes and semiconducting active layer are 

arranged laterally on the substrate. This configuration avoids the use of 

transparent electrodes and allows the active layer exposing directly to the incident 

light. There are two detector types of lateral configurations, namely 
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photoconductor and phototransistor (PT), depending on the existence of gate 

electrode. The photoconductor with two electrodes has an advantage of simple 

structure but without an amplification function as compared to that of the PT. The 

PT, on the other hand, provides tunable photo conductive gain and ultra-low dark 

current with the help of the third electrode (gate) which is favorable to attain 

ultra-high photoresponsivity and detectivity. 

 

Fig. 1. 3 Schematic device geometries of two different types of NIR detectors. (a) 

Vertical configuration: photodiode and (b) lateral configuration: photoconductor or 

phototransistor depending on the presence of a gate bias. 

The working mechanism of different NIR detectors is largely dependent on 

the materials of the active layer and the device geometry. Basically, light 

detection in an NIR detector includes the following four processes, i.e. (1) light 

absorption, (2) generation of photo charges, (3) charge transport, and (4) charge 

collection and signal processing. 

Light absorption and generation of photo charges: The Frenkel excitons, 

with a relatively higher binding energy of few hundred meV19, are generated in 

organic semiconductor materials when they expose to light with photon energy 

larger than the semiconductor bandgap. This high binding energy results from a 

combination of relatively low dielectric constant and weak electron-electron 

correlation in organic materials20. Therefore, the dissociation of the excitons in 
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organic semiconductors is much harder due to the high exciton binding energy as 

compared to that of the Wannier excitons in inorganic semiconductors with a 

binding energy of a few meV19. Indeed, the dissociation of the Frenkel excitons 

involves a complicated process. In pristine organic semiconductors, external 

activation, e.g., the additional or external electric filed is required to dissociate the 

excitons although the process is still less efficient. The exciton dissociation occurs 

more readily at the donor/acceptor (D/A) interface in a D/A bulk heterojunction, 

forming charge transfer excitons to produce separate photo charges under an 

internal electric field, a typical photo charge generation process in almost all high 

performing organic solar cells. The bilayer heterojunction or bulk heterojunction 

can also be applicable for high performing NIR photo detectors. 

Compared to the binding energy of the Frenkel excitons in organic 

semiconductors, the binding energy of Winnier excitons in some 

organic-inorganic hybrid materials, e.g., perovskite materials, is much smaller, 

over the binding energy range from 20 to 100 meV 21–24. The low binding energy 

of the excitons in the perovskite materials, as compared to that in the organic 

semiconductors, favors the generation of the free charges via effective exciton 

dissociation even at room temperature. This easier photon induced charge 

generation leads to a better light harvesting capability thereby boosting the 

photosensitivity. The high light absorption coefficient and favorable photo charge 

generation process in organo-metallic perovskite semiconductors25,26 together 

with a high charge mobility14,27 and long charge diffusion length15, are 

prerequisites for attaining high efficiency perovskite solar cells. Meantime, 

perovskite material-based photo detection devices are also emerging, taking the 

advantages from the fast progresses in the solar harvesting field. The spectral 
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response of the perovskite photodetectors can be tuned by controlling the 

composition in the perovskite materials28,29. The long wavelength photosensitive 

edge of the perovskite photodetectors can be adjusted easily up to ~1000 nm, 

making them suitable for application in NIR light harvesting and detection9,30. 

Most importantly, these perovskite semiconductors can be prepared using 

low-cost solution processable fabrication routes. 

Charge transport and collection: The photocurrent is a result of the 

conduction and collection of the photo-generated charge carriers in the active 

layer of the photodetectors. In photodiodes, the photo excited charge carriers in 

the active layer are drifted under the effective electric field, caused by a 

combination of the built-in potential and the external bias across the 

heterojunction, and collected by the respective electrodes. Even at zero bias, the 

photodiode can operate in the photovoltaic mode like a solar cell, where the 

built-in electric field serves as the driving force for photo generated charges. To 

enhance the collection efficiency of the photogenerated charges, a reverse bias is 

usually applied to the photodiode, assisting photogenerated electrons and holes to 

overcome possible barriers before being extracted. In such a situation, the 

photodiode is operated in a photoconductive mode, where photocurrent is 

proportional to the intensity of incident light. Nevertheless, the photon to charge 

conversion efficiency in photodiodes is generally less than 100% due to the lack 

of a gain mechanism.  

In phototransistors, with the gate voltage controlling the charge density in the 

channel, the amplification and photo gain are anticipated resulting in an ultra-high 

photon to charge conversion efficiency of beyond 100%, as the charge depletion 

and accumulation modes of a field effect transistor (FET) can be controlled by 
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adjusting the gate bias. The charge transportation in FETs occurs typically in the 

channel layer near the vicinity of the channel/dielectric interface. For a p-channel 

FET with a positive gate bias, the transistor is operated under the depletion mode 

where the induced electrons accumulate near the vicinity of the channel/dielectric 

interface, suppressing the hole transport in the p-type channel. When a negative 

gate bias is applied, the transistor is operated under an accumulation mode with 

sufficient induced holes accumulated near the vicinity of the channel/dielectric 

interface enabling the low resistance channel to facilitate the efficient hole 

transportation. With an NIR light sensitive channel, the FETs can be used for light 

detection applications as PTs. Under NIR light, two typical effects occur in PTs 

depending on the working mode of the transistor, namely photovoltaic and 

photoconductive modes, corresponding to the accumulation mode and depletion 

mode of the transistor20. In the photoconductive mode, light induced photocurrent 

in the transistor increases linearly with the light intensity. In the photovoltaic 

mode, on the other hand, the threshold voltage (Vth) of the transistor shifts as a 

result of the light illumination. The shift in the Vth is caused by the repelling of 

the photo generated electrons to the vicinity of the source electrode, leading to the 

accumulation of the electrons near the source electrode that effectively reduces 

the hole injection barrier at the source electrode/channel interface. The reduced 

injection barrier reduces the contact resistance between the channel and the 

electrode, and thereby facilitating the charge injection process. This light 

illumination induced charge injection enhancement helps to increase the channel 

current. In the meantime, the photo gain (G) can be significantly increased due to 

a significant difference in mobility between the majority and minority charges. G 

can be expressed by Eq. 1.1: 
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𝐺 = 𝜏𝑚𝑖𝑛𝑜𝑟𝑖𝑡𝑦/𝑡𝑚𝑎𝑗𝑜𝑟𝑖𝑡𝑦                        （1.1） 

where 𝜏𝑚𝑖𝑟𝑜𝑛𝑖𝑡𝑦 is the life time of photo generated minority charges, and 𝑡𝑚𝑎𝑗𝑜𝑟𝑖𝑡𝑦 

is the transit time of dominating majority charges in the channel31. Taking a 

p-type channel for example, if the time required for the recombination of the 

photo generated electrons is longer than the transit time of holes in the channel 

layer, the photo induced holes could travel multiple times before they are 

recombined, such that the external quantum efficiency can exceed 100% due to an 

ultra-high photo gain in PTs. Introduction of minority charge traps in the active 

channel layer is an efficient approach for increasing the lifetime of the minority 

charges, and thereby achieving ultra-high photo gain in PTs. 

In conclusion, the photodiode type NIR detectors benefit dramatically from 

the recent progresses made in solution processable solar cell technology in terms 

of the variety choices of active layer materials and fabrication process. However, 

the photoresponsivity of photodiode type NIR detectors is limited due to the lack 

of a photo gain. On the contrary, PT type NIR photodetectors are capable for 

attaining much improved photon to charge conversion efficiency due to the 

tunable and controllable photo gain. A clear understanding of the charge transport 

dynamics is a prerequisite for develop solutions for attaining high performing NIR 

phototransistors. The correlation between the charge separation and transportation 

in the NIR PTs and their respective effect on the photo detection properties need 

to be resolved elaborately. 

1.2.3 Characteristics of NIR Photodetectors 

In this section, the definition and physical meaning of the key parameters in 

photodetectors such as external quantum efficiency (EQE), photoresponsivity (R), 

photosensitivity (P) and specific detectivity (D*) are discussed.  
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External Quantum Efficiency (EQE): The spectral EQE i.e. spectral 

response is an important characteristic of photodetectors. EQE is the ratio of the 

number of charge carriers collected by the light sensitive device to the number of 

photons of incident light. It is also known as incident photon-to-electron 

conversion efficiency (IPCE). The EQE can be calculated by Eq. 1.2, 

𝐸𝑄𝐸 =
𝑁𝑐ℎ𝑎𝑟𝑔𝑒

𝑁𝑝ℎ𝑜𝑡𝑜𝑛
=

𝐼/𝑞

𝑃/ℎ𝜈
 ,                      (1.2) 

where 𝑁𝑐ℎ𝑎𝑟𝑔𝑒 is the number of collected holes or electrons, 𝑁𝑝ℎ𝑜𝑡𝑜𝑛 is the 

number of incident photons, 𝐼 is the photo current, P is the incident light power, 

q is the elementary charge and ℎ𝜈  is the photon energy, respectively. The 

number of photo generated charge carriers represents the ability of the photo 

detectors in converting light signal into electrical signal. It depends not only on 

light absorption but also on charge transport and charge collection efficiency in 

the devices. Thus, the EQE spectrum reflects a combination of device 

characteristics in terms of optical and electrical processes in the device. Since the 

EQE represents the spectral response of the detectors as a function of the 

wavelength of incident light, it is usually measured under monochromatic light 

over a broad wavelength range.  

Photoresponsivity (R): The photoresponsivity is defined as the photocurrent 

flow in a detector divided by incident light power with unit in Ampere per Watt 

(A/W). It also represents the photodetector’s ability in transferring light signal 

into electrical signal as a function of wavelength and has a close relation with 

EQE as shown in Eq. 1.3.  

𝑅 =
𝐼𝑝ℎ𝑜𝑡𝑜

𝑃𝑖𝑛
=

𝐸𝑄𝐸

ℎ𝜈
 .                         (1.3) 
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In Eq. 1.3, 𝐼𝑝ℎ𝑜𝑡𝑜 represents photo current and 𝑃𝑖𝑛 is the incident light power to 

the detector. It should be noted that the unit of ℎ𝜈 in the equation is 𝑒𝑉. 

Photosensitivity (P): The photosensitivity of a photodetector is the ratio of 

photo current over dark current by definition. It represents the on-off ratio of a 

photodetector with and without light illumination. Eq. 1.4 is the common 

expression for photosensitivity where 𝐼𝑝ℎ𝑜𝑡𝑜 and 𝐼𝑑𝑎𝑟𝑘 represent photocurrent 

and dark current respectively. 

𝑃 =
𝐼𝑝ℎ𝑜𝑡𝑜

𝐼𝑑𝑎𝑟𝑘
 .                            (1.4) 

Specific detectivity (D*): Specific detectivity of a photodetector is a figure of 

merit concerning a combination of characteristics including the photoresponse, 

device active area and noise level. It is a function of a variety of device 

characteristics as is presented in Eq. 1.5.  

𝐷∗ =
𝑅√𝐴

𝑆𝑛
 .                            (1.5) 

In the definition, 𝑅 is the photoresponsivity, 𝐴 is the active area of the photo 

detector and 𝑆𝑛 is the noise spectral density. In terms of the noise spectral 

density, a variety of factors are responsible, such as Johnson noise, flicker noise 

and 1 𝑓⁄  noise. Nevertheless, the shot noise mainly from the dark current of the 

device is commonly considered to be the dominant noise source12. With this 

regard, the noise spectral density can be expressed as 𝑆𝑛 = √2𝑞𝐼𝑑𝑎𝑟𝑘, where 𝑞 is 

the elementary charge and 𝐼𝑑𝑎𝑟𝑘 is the dark current. It is noteworthy that this 

assumption can be utilized to simplify the estimation of the performance of the 

detectors. 

Rise time ( 𝒕𝒓 ) and fall time ( 𝒕𝒇 ): In optoelectronics, the transient 

photoresponse of the detector renders their speed in response to a quick signal. A 
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faster photoresponse speed is of great importance for photodetectors in areas like 

signal processing, data receiving and recording systems. To evaluate the transient 

photoresponse speed of the photodetectors, rise time and fall time are usually 

employed. The rise and fall time are defined as the time intervals from 10% to 90% 

and from 90% to 10% of the responding signal strength respectively when the 

detector is responding to a fast signal.  

1.3 Recent Advances in Solution Processed NIR Detectors 

The NIR detector is usually selected regarding the requirements of the particular 

application such as wavelength of optical signal, sensitivity level required, and 

response speed etc. In commercially available NIR detection techniques, diverse 

types of detectors were invented, such as type-II superlattice infrared detectors, 

quantum well infrared detectors etc. These high performing infrared light 

detection techniques take advantage of the development of inorganic 

semiconductor researches and mature industrial fabrication processes. 

Nevertheless, these traditional techniques usually suffer from the high vacuum 

and super clean environment requirements during the production making the 

fabrication at high cost and energy consuming. Meanwhile, the intrinsic brittle 

and rigid properties of these devices limit their potential in flexible and large area 

uses. On the contrary, the solution processable semiconductors, with soft and 

stretchable features, are emerging as an alternative to the bulky and rigid 

semiconductors in light weight and bendable optoelectronics. The synthetically 

numerous, chemically tailorable properties of these NIR sensitive solution 

processable semiconductors render them more suitable for the fulfillment of 

various demands in some specific applications.  
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The harvest of the NIR light in solar cells is considered to be an efficient way 

to improve the power conversion efficiency32,33. The low bandgap light absorbing 

functional materials in these solar cells are adopted to absorb the long wavelength 

photons. Since the report of a low bandgap organic polymer based NIR 

photodiode with high detectivity and broad spectral response from 300 to 1450 

nm in 200912, the NIR light detection using these solution processable low 

bandgap materials have attracted increasing attentions11,34–40 .The performances of 

these organic NIR photodiodes are comparable or even surpassing their inorganic 

counterparts12,35,36.  

Despite the fast development in organic photodiodes, the NIR 

phototransistors comprising organic semiconductors are also drawing substantial 

attention due to its photo gain mechanism that could largely boost the 

photoresponsivity. Different from NIR photodiodes, a good charge transport 

property for the active semiconductor is a prerequisite for achieving high 

performance NIR phototransistor. The light absorption, charge separation and 

transportation all occur in the active layer, therefore, the device performance 

largely depends on the optoelectronic characteristics of the sensitive layer. In 

recent publications, it is found that the crystallinity of the organic active layer in 

the NIR PTs plays a vital role in achieving high photoresponsivity41,42. The 

improved molecular packing in the active layer leads to higher charge mobility 

that benefits the transport of photogenerated charges under NIR light and, hence, 

improved photoresponsivity. According to the gain mechanism in PTs where 𝐺 =

𝜏𝑚𝑖𝑛𝑜𝑟𝑖𝑡𝑦/𝑡𝑚𝑎𝑗𝑜𝑟𝑖𝑡𝑦 , the improvement in the mobility of the majority charge 

carriers is favorable in reducing the transit time of the carriers which is 

responsible for the enhancement of photoresponsivity. Reducing the length of the 
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channel is another way to achieve ultra-low transit time43, however, the shorter 

channel length realized using lithography techniques requires sophisticated 

procedures and increases the fabrication cost.  

Increasing the lifetime of the minority carriers is also advantageous for the 

photo gain. In this regard, the heterojunction type PTs either layered configuration 

or blended type forming bulk heterojunction are introduced. They usually enjoy 

the advantages like complementary absorption, favored charge separation, charge 

transfer and trapping. The interface between different materials, particularly the 

donor/acceptor interface, in the hybrid channel is favorable to facilitate the charge 

separation. Meanwhile, due to the electron affinity difference between different 

materials, minority charges preferably to be trapped which generate a much 

profound lifetime. The prolonged minority lifetime would lead to a much higher 

photo gain. In the donor/acceptor hybrid channel based NIR PTs, polymer/small 

molecule blend10,44 and polymer/polymer blend45,46 have been investigated. The 

incorporation of donor/acceptor materials forming a hybrid channel is 

advantageous for charge separation and prolong minority carrier lifetime thereby 

enhancing the photo gain. 

To further boost the photo gain, a high mobility channel is usually introduced 

for efficient photogenerated carrier transportation and collection. In these 

heterojunction NIR PTs, an NIR absorber is frequently incorporated with a high 

mobility channel. The NIR photons induce carriers in the absorber followed by 

carriers transferring to the charge transport channel. The high carrier mobility of 

the channel guarantees much efficient photo generated charge transportation 

allowing much short transit time and thereby, high photo gain. Due to a relatively 

lower charge mobility in organic materials, the choice for charge transporting 
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channel in this heterojunction is usually targeted on high mobility materials like 

indium gallium zinc oxide (IGZO), graphene and some other innovative 2-D 

materials. In such a situation, a staggered hetero-interface is usually formed which 

helps the charge separation at the interface contributing to the photo current 

generation47. CH3NH3PbI3 perovskite has been employed in these heterojunction 

NIR PTs due to their high light absorption capability from UV to NIR. A 

heterojunction PT composed of CH3NH3PbI3 perovskite and IGZO as the hybrid 

channel was reported for broadband photo detection covering UV to NIR region48. 

The highly conductive IGZO channel and excellent charge separation at the 

heterojunction interface results in enhanced photoresponsivity. The combination 

of perovskite and single-layer graphene was also successfully demonstrated with 

large photocurrent and ultrahigh quantum efficiency49. The transfer of electrons 

from graphene layer to the perovskite layer could fill the empty states in the 

valence band of the perovskite, thereby suppressing the photo generated electron 

and hole recombination and prolonging the photo excited electron lifetime in the 

perovskite layer. As a consequence, the hybrid-PTs achieve a very high 

photoresponsivity and quantum efficiency. It is worth noting that this hybrid PT 

exhibits long wavelength detection ability up to 1000 nm. It was also found that 

by inserting an interlayer between the perovskite absorber and graphene, the 

optoelectronic performance of the PT could be further improved50. The 

introduction of the interlayer provides a better electron and hole separation and 

photo generated holes in the perovskite layer could be quickly transferred to the 

graphene channel, leaving photo generated electrons remaining in the perovskite 

layer. The graphene layer with excellent hole-mobility guarantees efficient charge 
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transportation while the electron trapping in the perovskite leads to a long lifetime. 

This is believed to be critical for attaining an ultrahigh photo gain.  

However, it should be noted that, in some high photoresponsivity NIR PTs, 

the high mobility may lead to high dark current which is detrimental to the 

photosensitivity. This means the signal to noise ratio would be low making these 

NIR detectors not suitable for weak signal detection. The photoresponsivity and 

photosensitivity are two key characteristics that decide the NIR light detection 

capabilities. With these concerns, a better understanding of the charge carrier 

behaviors in these detectors and their correlation with device performances is 

urgently demanded.  

1.4 Research Scope and Project Objectives 

The rapid progresses in solution processable NIR detection technologies have 

attracted numerous attentions. However, there are still issues that remain to be 

solved. In comparison with the synthesis and modification of materials for 

suitable optoelectronic properties in NIR detection, the study in the view of device 

physics concerning the light-matter interaction, charge photogeneration and 

charge transportation is less than satisfactory, yet of great importance. 

The objectives of this research work are to undertake a systematic 

investigation on raveling the underlying mechanisms behind high performing NIR 

detection performance by studying the charge carrier behaviors and find solutions 

to improve the performance of the NIR photodetectors. The enhanced light 

absorption, efficient charge photogeneration and charge transportation mechanism 

are analyzed systemically. The high photoresponsivity and photosensitivity NIR 

photodetectors developed through improved understandings of the charge 

dynamics in the functional layer pave the way for a variety of applications. 
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1.5 Thesis Organization 

There are 8 chapters in this research work. Chapter 1 gives an overall introduction 

to the basics of NIR light and the development of the NIR detection techniques. 

The objectives of this research work also are outlined. Chapter 2 describes the 

experimental process related to this thesis including the device fabrication 

procedures and characterization techniques. In Chapters 3-7, the main research 

outcomes on the development of high performing NIR detection techniques are 

presented. Three types of phototransistors and two types of photodiodes are 

investigated for efficient NIR light detection. By studying the charge carrier 

behaviors, controlling of the charge transport and charge separation processes, 

high performing NIR detectors are realized and demonstrated along with the 

detailed discussions of the device design, device optimization, and 

characterization. Lastly, a brief summary and scope of future work are provided in 

Chapter 8.  
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Chapter 2: Device Fabrication and Characterization 

In this chapter, the details of experimental approaches adopted in this research 

including material formulation, device fabrication and characterization are 

presented, along with the descriptions of the theoretical modelling i.e. 

finite-difference time-domain (FDTD) simulation. 

2.1 Material Formulation, Device Preparation and Fabrication 

2.1.1 Solution Formulation and Preparation 

Solution processable semiconducting materials are practically of great potential 

for large area, light weight and mass production applications at a low cost. The 

solution processibility of these materials makes them attractive for use in 

innovative fabrication methods like spin coating, inject printing, and roll-to-roll 

printing for mass production. In this regard, these semiconducting materials are 

required to be dissolved in a proper solution with a desired viscosity and 

concentration. In this research work, the solution processable semiconductors 

including organic materials, organic-inorganic hybrid materials and inorganic 

materials are dissolved in respective solvents. The materials are carefully weighed 

using scale in glovebox and mixed with precise volume of solvent in brown bottle. 

During the dissolution, an appropriate thermal treatment or/and stir using a 

hotplate is usually required for achieving a fully dissolution. 

2.1.2 Device Fabrication Processes 

Substrate Preparation: Two types of substrates are used in this research work, 

e.g., a 180 nm thick pre-patterned ITO/glass substrates and Si substrates with 300 

nm thermally grown SiO2 oxidation layer. The glass substrates are cleaned by 

ultrasonication sequentially with deionized water, detergent, acetone and 

isopropanol each for 15 min. For Si substrates, the cleaning procedure is almost 
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identical except that they are cleaned by ultrasonication sequentially with 

deionized water, isopropanol, acetone and isopropanol. Fig. 2.1 (a) shows a 

picture of the ultrasonic cleaner (Branson, 2510). After the cleaning, both types of 

the substrates are transferred to an oven (Memmert, UNE200) with a temperature 

of 80 ℃ for drying. Before thin film deposition, substrates are usually treated 

using UV-ozone cleaning to remove the possible chemical residuals or 

contaminations and improve the surface hydrophilicity using a UV-ozone cleaner 

(Jelight company, model 18) shown in Fig. 2.1 (b). A 10 min UV-ozone treatment 

is used for each batch.  

 

Fig. 2. 1 Pictures of (a) ultrasonic cleaner, (b) UV-ozone treater, (c) Spin coater, and (d) 

the integrated glovebox-evaporation system. 

To passivate the trap states at the SiO2 surface, octyltrichlorosilane (OTS-8) 

or octadecyltrichlorosilane (OTS-18) self-assembled monolayer (SAM) is grown 

on the SiO2 surface using a facile immersion method. 0.1 M OTS-8 or OTS-18 

(Sigma Aldrich) in toluene is prepared in a petri dish and Si substrates are then 

immerged into the solution at a temperature of 60 ℃ controlled by a hotplate for 

20-30 min. After the grown of SAM, Si substrates are rinsed using toluene and 
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isopropanol sequentially and then blow-dried using nitrogen gas. This immersion 

method is considered to yield a dense and robust SAM onto SiO2 without further 

annealing. 

Device Fabrication: After the material formulation and substrate preparation, 

the device fabrication is readily conducted. Substrates are transferred to glovebox 

filled with N2 gas with ultra-low O2 and H2O level (<0.1 ppm) to avoid the 

degradation of oxygen and humidity sensitive organic materials. The active layers 

were formulated using spin-coating method (Spin coater, Laurell WS-650-23, 

shown in Fig. 2.1 (c)), the thickness of the functional layers was controlled by 

varying the spin speed. All the semiconducting layers are fabricated in the glove 

box, except PEDOT:PSS due to its water containing solution. After the formation 

of all functional layers, the devices are transferred to the adjunct evaporation 

system with vacuum level <10-3 Pa for electrode evaporation as presented in Fig. 

2.1 (d). The electrode is defined using shadow masks. Afterwards, the devices are 

ready for various measurements. 

2.2 Device Characterization Techniques 

In this part, the details of semiconducting thin film and device characterization 

techniques are presented. Thin film characterizations like UV-visible absorption, 

X-ray diffraction (XRD), scanning electron microscope (SEM) and atomic force 

microscope (AFM) techniques are introduced. In the device performance 

characterizations, the measurement systems for recording the steady and transient 

optoelectronic responses of the device are also presented. 

2.2.1 Thin Film Characterization 

UV-visible Absorption: Thin film absorption is closely associated with material 

properties such as bandgap, structure and ordering. The absorption spectra are 
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highly sensitive to molecular geometry or molecular environment such that they 

provide information for a better understanding for the analysis of device 

performances. In this research work, the UV-visible absorption spectra over the 

wavelength range from 200 nm to 1000 nm are recorded using a HP 8453 

spectrophotometer. 

X-ray Diffraction (XRD) Characterization: In order to gain insight into 

molecular ordering and crystallinity, XRD technique is conducted to probe the 

thin film and provide quantitative evaluation information. The XRD patterns with 

various peak position and intensity present valuable estimation of the thin film 

properties. The XRD patterns are recorded using a Bruker D8 Advanced system in 

the research work. 

Scanning Electron Microscope (SEM): SEM characterizations exhibit 

surface morphology of a thin film which may play critical roles in device 

performances. The surface morphology of a film impacts on the formation of the 

interface between two adjunct thin films. On the other hand, surface 

morphological properties also reflect the packaging information of the thin film. 

The surface morphology of the films is measured by an LEO 1530 system. 

Atomic Force Microscope (AFM): As another powerful surface analytical 

method, AFM gives information of morphological features in light of height and 

phase distribution of the thin film. Meantime, nano-structures and micro-level 

features of the thin film can be revealed using AFM. A Veeco Digital AFM 

system operating in the tapping mode is used in this thesis to record the 

informative AFM images. 
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2.2.2 Device Performance Evaluation Methods 

EQE Measurement System: The spectral response, i.e. EQE spectrum of a 

photodetector is an important characteristic. The EQE spectrum is measured under 

a monochromatic light with wavelength ranging from 300 nm to 850 nm. The 

monochromatic light intensity is calibrated by a standard Si photodiode (Bentham) 

before the measurement. As is shown in Fig. 2.2, the EQE system includes a 

Xenon light source (Oriel) with a monochromator (Bentham, TMc300) capable of 

generating monochromatic light from 300 to 900 nm. The monochromatic light is 

chopped at a fixed frequency of ~170 Hz by a chopper (Stanford research systems, 

Model SR540). The selected chopper frequency is used as a reference for the 

lock-in amplifier (Stanford research systems, Model SR810) to enhance detecting 

the weak signals from the noisy background. When chopped light signal incident 

onto the device in a homemade holder, the current signal is recorded by the 

lock-in amplifier. The results are obtained after the processing using a LabVIEW 

control program. In Fig. 2.3, the spectrum of Xenon lamp in intensity is presented 

with wavelength ranging from 300 to 1000 nm. 

 

Fig. 2.  2 Schematic illustration of an EQE measurement system. The system contains a 

monochromatic light source from a Xenon lamp and a monochromator, a lock-in 

amplifier cooperating with a chopper and a data collection and processing laptop with 

a LabVIEW control program. 
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Fig. 2. 3 Spectrum distribution of Xe lamp as a function of wavelength ranging from 300 

to 1000 nm. The data is recorded in power density calibrated by a standard Si 

photodiode. 

Steady-state Photoresponse Test System: The steady-state photoresponse 

measurement set-up is mainly used for phototransistors. As is shown in Fig. 2.4, 

devices are placed on a probe station where their electrodes are connected to a 

source meter (Keithley, 2636B) through three probes. Light signals with 

wavelengths of 365 nm, 450 nm, and 850 nm are provided by LEDs (Zolix) on 

top of the probe station. The light intensity is controlled by an optical attenuator 

(THORLABS). An optical power meter (THORLABS) is employed for the 

calibration of light intensity. The steady-state photoresponse is conducted by 

measuring the current signal of the devices with and without light illumination. 

The data is recorded by the Keithley source meter and processed by the LabVIEW 

program on a laptop. The spectra of LEDs is presented in Fig. 2.5. 
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Fig. 2. 4 The steady-state photoresponse test system. This system includes a probe 

station, a steady-state LED light signal supply and a source meter. The whole system is 

controlled by LabVIEW program. 

 

Fig. 2. 5 The spectra of the LED light signals with peak wavelength at 365, 450, and 850 

nm respectively. 

Transient Photoresponse Test System: As briefly shown in Fig. 2.6, the 

transient photoresponse system comprises a double frequency Nd:YAG laser 

(Brilliant B) operating at 532 nm with pulsed output light signal and an 

oscilloscope (Tektronix, MDO3052) to record the device response. The LabVIEW 

program on a laptop controls the whole operation and data processing. The typical 

laser pulse with pulse width of ~ 30 ns is measured by a Si photodetector 

(THORLABS, DET10A) and presented in Fig. 2.7. 
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Fig. 2. 6 The transient photoresponse test system. Solid state Nd:YAG laser is 

employed as the source. An oscilloscope and laptop with LabVIEW program are used 

for the data recording and processing. 

 

Fig. 2. 7 The typical 532 nm laser pulse with pulse width of ~30 ns. 

Temperature Dependent Measurement System: To investigate the 

temperature dependent optoelectronic properties of the devices, a temperature 

controllable cryostat (OXFORD) is connected to the electrical measurement 

system to record the temperature dependent current-voltage characteristics as is 

presented in Fig. 2.8. The sample is placed in a homemade holder and transferred 

into the cryostat which is connect to a mechanic vacuum pump. The temperature 

range from 100 K to 300 K can be realized using the temperature control. The 
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current-voltage characteristics are recorded by the source meter and processed 

using LabVIEW program. 

 

Fig. 2. 8 The temperature dependent measurement system. There are three parts i.e. 

temperature control unit, vacuum control unit and measurement unit. 

2.3 Theoretical Modelling 

Theoretical calculations on material absorption and light distribution in the 

devices can be analyzed via theoretical modelling and simulation. The simulations 

give guidance for device design and insight into light-matter interaction for high 

performances. The details of theoretical modelling including optical constants and 

simulation method are discussed in this section. 

2.3.1 Optical Properties of the Functional Materials 

Light propagation in absorbing materials can be described using optical constants 

including the wavelength dependent refractive index (𝑛) and extinction coefficient 

(𝑘). They are important for optical properties such as reflection and absorption of 

a material. The refractive index is simply the ratio of light phase velocity in the 

material over light speed in vacuum. It is widely used in reflection and refraction 

calculations at the interface between two mediums. The extinction coefficient is 

more related to the absorption abilities of the materials at a specific wavelength.  
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The optical constants can be evaluated using spectroscopic ellipsometry 

method which is considered to be nondestructive and fast with high precision. In 

fact, the ellipsometry measurements do not provide optical constants directly but 

extract them by constructing an optical model and fitting the measured 

characteristics. The determination of the optical constants includes the 

measurements of reflection or transmission characteristics using an ellipsometer, 

the construction of an optical model and the data fitting procedures.  

2.3.1 Finite-Difference Time-Domain Simulation 

Based on different principles, there are diverse methods like finite-difference 

time-domain (FDTD) method and finite element method (FEM). The FDTD 

method offers a simple but stable solution on optical simulation by solving the 

Maxwell’s equations in the time domain. In this research work, FDTD method is 

used for analyzing light absorption characteristics in the active media. This 

simulation method takes advantage of grid-based differential numerical modelling 

in which space is segmented into box-shaped cells smaller than the wavelength. 

The electric fields are assumed to locate at the box edges and magnetic fields 

positioned on the faces. After such assumptions, the FDTD simulation is efficient 

in calculating the propagation and distribution of the electromagnetic waves in the 

active media. These results facilitate the optimization of light reactive devices and 

provide in-depth understanding of the efficient operation of the photodetectors. 
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Chapter 3: Perovskite/Polymer Bi-layer Channel 

Phototransistors for highly sensitive UV-visible-NIR 

Photo detection 

3.1 Introduction 

As discussed in Chapter 1, phototransistors (PTs) provide a platform for tunable 

photoresponsivity, charge amplification and direct sensing51–56. The PTs enable 

tunable photoresponsivity and high gain by adjusting the gate voltage. Meanwhile, 

the PTs can be operated either electrically or optically, rending them promising for 

multi-functionalized electronic devices. Ultra violet (UV)-visible-near infrared 

(NIR) light detection is extremely important in a range of optoelectronic 

applications, for example, imaging formation and safety monitoring. For photo 

detection, the performance of the PTs with a single active material in the channel is 

usually limited due to its narrow absorption spectrum54,55, without involving 

exciton dissociation and charge separation process55,56 etc. PTs with a hybrid 

channel layer, either with bi-layer heterojunction or bulk heterojunction, were 

investigated since the hybrid channel configuration takes the advantageous of 

complementary absorption of different materials and improved charge separation 

processes in the hybrid channels55–60. The new features of the hybrid system such as 

multispectral response55, enhanced responsivity57–59 and improved response 

speed56,60 provide new functionalities that outperform the PTs with a single 

component channel layer.  

Many progresses have been made in the development of methylammonium 

lead triiodide (MAPbI3) perovskite solar cells achieving power conversion 

efficiency of >20%61–63. The excellent optoelectronic properties of MAPbI3 

perovskite also are promising for application in broadband light detection. The 
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performance of broadband PTs with a single perovskite channel layer was 

investigated64–66. To further improve the performance of perovskite based photo 

detectors in light of photoresponsivity, response speed and response spectrum, 

hybrid configurations combining perovskite with novel materials such as 

graphene67–69, zinc oxide nanowire70, indium gallium zinc oxide48, and organic 

materials71,72 were reported. However, these hybrid broadband photodetectors have 

some limitations, e.g., high operating voltage71, sophisticated fabricating 

procedures67–70 and unsatisfied solution fabrication processes71, hindering the 

potential for applications in flexible, and large area electronic devices.  

In this chapter, a bottom-gate bottom-contact (BGBC) type PT having a 

bi-layer MAPbI3/polymer channel was proposed for application in ultra-violet (UV) 

to near infrared (NIR) broadband photo detection. PTs with a bi-layer 

MAPbI3/polymer channel have the advantages for achieving high 

photoresponsivity in the on- and off-states simultaneously. The low driving voltage 

of the bi-layer MAPbI3/polymer channel PTs is very attractive for practical 

applications that require low cost, low voltage photo-detecting systems with 

broadband spectrum. 

3.2 Bi-layer Perovskite/Polymer Heterojunction 

The molecular structures of MAPbI3
73 and Diketopyrrolopyrrole - dithienylthieno 

[3,2-b] thiophene (DPP-DTT) polymer are schematically shown in Fig. 3.1 (a) and 

(b) respectively. The schematic configuration of a bi-layer MAPbI3/DPP-DTT 

channel PT with a BGBC configuration is depicted in Fig. 3.1 (c). The 

MAPbI3/DPP-DTT bi-layer channel PTs having a BGBC configuration were 

fabricated using heavily p-doped silicon substrates with ~300 nm thick thermally 

grown SiO2 layer acting as the gate dielectric. the SiO2 surfaces were modified with 
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trichloro (octadecyl) silane for the passivation of surface traps and improvement of 

surface hydrophobicity74. A 40 nm thick Au contact, for both source and drain, was 

deposited on the modified SiO2 by thermal evaporation in vacuum defining a 

channel length of 80 μm and channel width of 1500 μm. Then, the polymer 

DPP-DTT, dissolved in 1, 2-Dichlorobenzene at a concentration of 6 mg/mL, was 

overlaid on the surface of the BGBC PT template by spin-coating at a rotation 

speed of 1000 rpm for 240 s in the glovebox and annealed at 180 ℃ for 10 min. The 

adduct method75 was employed for preparing the MAPbI3 layer on DPP-DTT 

surface. The perovskite precursor solution with a concentration of 1 mole/L was 

prepared. The thicknesses of DPP-DTT layer and perovskite layer were controlled 

at about 70 nm and 230 nm. The PTs with a DPP-DTT channel were also fabricated 

for comparison. 

The absorption spectra measured for the MAPbI3, DPP-DTT polymer and 

bi-layer MAPbI3/DPP-DTT are shown in Fig. 3.1 (d). Complementary absorption 

of the bi-layer MAPbI3/DPP-DTT channel is clearly seen. The MAPbI3 layer 

exhibits a good light absorption in the UV-visible region whereas the DPP-DTT 

layer has an excellent NIR light absorption. DPP-DTT with a relatively narrow 

bandgap has an absorption edge up to 950 nm indicating its potential for NIR light 

sensing. Meanwhile, the good charge mobility of the DPP-DTT polymer76,77 also 

render it as an attractive for PT applications. The bi-layer configuration takes the 

advantage of the strong light absorption over the UV-visible region by MAPbI3 and 

high NIR absorption by DPP-DTT polymer, making it promising for a broadband 

photo detection from UV to NIR. 
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Fig. 3. 1 Molecular structures of (a) MAPbI3 perovskite and (b) DPP-DTT polymer. (c) 

The schematic configuration of a b-layer MAPbI3/DPP-DTT PT. (d) The absorbance 

spectra measured for the thin films of MAPbI3, DPP-DTT, and the bi-layer 

MAPbI3/DPP-DTT. 

The surface of the DPP-DTT polymer layer was found to be hydrophobic. In 

the contact angle measurements, the surface of a pristine DPP-DTT polymer layer 

has a large contact angle of 105°, as shown in Fig. 3.2 (a). The hydrophobicity of 

the polymer surface is unfavorable for the deposition of the subsequent MAPbI3 

layer. To resolve with this problem, a hydrophilic DPP-DTT polymer surface was 

obtained by Argon plasma treatment. The contact angle measured for the surface of 

the DPP-DTT polymer layer dramatically decreased after the plasma treatment, as 

shown in Fig. 3.2 (b)-(d), indicating the decrease in the hydrophobicity. The 

contact angle reduced from 105° for un-treated surface to 63.1°, 61.5° and 52.7° 

respectively after 3s, 5s and 10s plasma treatments. It was found that, a 3s Argon 

plasma-treated DPP-DTT layer was effective to create a desired surface property 

for the growth of the MAPbI3 layer. 
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Fig. 3. 2 Contact angles measured for surfaces of the (a) pristine DPP-DTT polymer 

layer and polymer layers treated with different Argon plasma treatment durations of (b) 

3s, (c) 5s and (d) 10s respectively. 

The cross-sectional and top view SEM images of MAPbI3 film and 

MAPbI3/DPP-DTT bi-layer film on SiO2 are shown in Fig. 3.3 (a)-(d). From the 

cross-sectional SEM in Fig. 3.3 (c), the MAPbI3 layer was properly formed on top 

of the DPP-DTT polymer. The top view SEM results of the MAPbI3 either on SiO2 

or DPP-DTT polymer indicate negligible difference in the formation of the 

MAPbI3 layer featuring identical uniform polycrystalline characteristics. The XRD 

results manifesting consistent diffraction peaks also confirm that the MAPbI3 

layers possess same crystallinity regardless the difference of the under layer. These 

results suggest that the plasma-treated polymer surface was suitable for MAPbI3 

growth. It is clear that the XRD patterns measured for the MAPbI3 layers with three 

main peaks at 14.2º, 28.5º and 31.9º, associated with (110), (220) and (310) planes, 

agree well with the reported results using Adduct method75.  
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Fig. 3. 3 (a) Cross-sectional and (b) top view SEM images measured for the MAPbI3 

layers grown on SiO2. (c) Cross-sectional and (d) top view SEM images measured for 

the MAPbI3 layers grown on the surface of plasma-treated DPP-DTT layer. XRD patterns 

measured for the MAPbI3 films grown on (e) SiO2 and (f) DPP-DTT surfaces.  

3.3 UV-NIR Light Detection Performance of Bi-layer PTs  

The transfer curves of the PTs as a function of light intensity were measured. The 

gate voltage (VGS) was scanned from 10 V to -10 V and source-drain voltage (VDS) 

was fixed at -1 V. Three different light sources, using LEDs with different peak 

wavelengths of 365, 450 and 850 nm, were employed to measure the photoresponse 

of the PTs at UV, visible and NIR regions. The transfer curves measured for the 

DPP-DTT PT at different intensities of the light sources with different peak 

wavelengths of 365 nm, 450 nm and 850 nm are plotted in Fig. 3.4 (a)-(c). The 

corresponding transfer curves measured for the bi-layer MAPbI3/DPP-DTT PT at 

different intensities of the light sources with different peak wavelengths of 365 nm, 

450 nm and 850 nm are plotted in Fig. 3.4 (d)-(f). Clearly, as compared to the 
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control PT, the bi-layer PTs exhibit much profound channel current change 

particularly under UV-visible light illumination suggesting a better photoresponse. 

 

Fig. 3. 4 Transfer curves of DPP-DTT based PT under (a) 365 nm, (b) 450 nm and (c) 850 

nm light illumination at various light intensities. The corresponding transfer curves of 

MAPbI3/DPP-DTT bi-layer channel PT under (d) 365 nm, (e) 450 nm and (f) 850 nm light 

respectively. The transfer curves is recorded at fixed VDS of -1 V. 

The key parameter photoresponsivity (R) can be quantitatively extracted 

from  𝑅 = (𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘)/𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 , where 𝐼𝑙𝑖𝑔ℎ𝑡  and 𝐼𝑑𝑎𝑟𝑘  are the channel 

current under light and in dark respectively, and 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 represents the incident 

light intensity. The R values were extracted from the transfer characteristics and 

presented in Fig. 3.5. It is clear that 𝑅 values of both PTs are dependent on VGS 

indicating that higher responsivity and gain can be readily obtained by applying an 

appropriate VGS. Photoresponsivities of DPP-DTT PT obtained at different 

intensities of the light sources with different peak wavelengths of 365 nm, 450 nm 

and 850 nm are shown in Fig. 3.5 (a)-(c). The corresponding photoresponsivities of 

the bi-layer MAPbI3/DPP-DTT PT obtained at different intensities of the light 
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sources with different peak wavelengths of 365 nm, 450 nm and 850 nm are plotted 

in Fig. 3.5 (d)-(f). The photoresponsivity of the bi-layer MAPbI3/DPP-DTT PTs 

outperformed that of the DPP-DTT PTs, particularly in the UV-visible region. 

While the improvement in the NIR region for bi-layer PTs was much less. This is 

attributed to the unsatisfied sensitivity of the MAPbI3 layer in the NIR region. The 

bi-layer MAPbI3/DPP-DTT channel PTs take the advantages of the excellent 

optical and electrical properties of perovskite, and thereby leading to a high 

photoresponsivity. 

 

Fig. 3. 5 Photoresponsivity of DPP-DTT based PT at (a) 365 nm, (b) 450 nm and (c) 850 

nm light as a function of light intensities. The corresponding photoresponsivity of 

MAPbI3/DPP-DTT bi-layer channel PT at (d) 365 nm, (e) 450 nm and (f) 850 nm, 

respectively. 

Photoresponsivities of the DPP-DTT PT and bi-layer MAPbI3/DPP-DTT PT, 

operated in the presence of light sources with different peak wavelengths of 365 nm 

(2 μW/cm2), 450 nm (2 μW/cm2) and 850 nm (215 μW/cm2), in the on-state at 

VGS= -8 V are plotted in Fig. 3.6 (a), while the corresponding properties of the PTs 

in the off-state at VGS=8 V are presented in Fig. 3.6 (b). The VDS was set at -1 V in 
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the measurements. As compared to DPP-DTT PTs, the responsivity enhancement is 

achieved in bi-layer channel PT both in the on- and off-states under UV-visible 

light. The photoresponsivity values of the bi-layer channel PT in on-state at lower 

light intensity of the light sources with different wavelengths of 365, 450 and 850 

nm were 7.6, 9.5 and 0.08 A/W, which outperform that of the PT with a DPP-DTT 

channel, i.e., 1.5, 1.6, 0.06 A/W, respectively. The enhancement factor are 5, 5.9, 

and 1.3 respectively. In particular, the enhancement factor of bi-layer channel PT 

over the control PT in the off-state are much higher, which are 214, 480, and 230 

for the PTs under 365, 450 and 850 nm light, respectively. This is believed to be 

closely associated to the excellent UV-visible absorption in the MAPbI3 layer. To 

investigate the effect of MAPbI3 layer on the bi-layer channel PT performances, the 

charge transport properties in the dark of the PTs were studied. 

 

Fig. 3. 6 Photoresponsivity of the DPP-DTT PT and bi-layer MAPbI3/DPP-DTT PT 

operated under different modes as a function of the intensity of the light sources with 

different peak wavelengths of 365 nm, 450 nm and 850 nm, (a) in the on-state at VGS=-8 

V and (b) in the off-state at VGS=8 V. The VDS was set at -1 V in the measurements. 

3.4 Charge Transport in Bi-layer Heterojunction Channels 

The dark transfer curves of the MAPbI3/DPP-DTT bi-layer channel PT as a 

function of gate voltage and source-drain voltage are shown in Fig. 3.7 (a), 

exhibiting typical p-type conduction behavior. It is noted that, with varying the VDS 

from -1 V to -10 V, the change in the off-state current is more significant than that 
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measured at the on-state. Thus, the on-off ratio of the transistor decreases one order 

in magnitude. It was also noted that the dark current of the bi-layer channel PT in 

the off-state was higher than that of the DPP-DTT PT, while in the on-state, these 

two transistors exhibit similar dark current as depicted in Fig. 3.7 (b) at VDS= -1 V. 

These results indicate that in the bi-layer MAPbI3/DPP-DTT PTs, charge transport 

though DPP-DTT channel is preferred in the on-state due to the negative VGS 

induced hole accumulation at the polymer and dielectric interface, leading to an 

ultra-high conductance of the polymer channel. While in the off-state of the 

bi-layer PTs, the DPP-DTT channel was closed, because the positive gate voltage 

induces the negative charge aggregation near the vicinity of the channel/dielectric 

interface that sufficiently block the hole transport in the polymer channel. In such a 

situation, the relatively high off-state current of the bi-layer MAPbI3/DPP-DTT PT 

is probably originated from the shunt charge transport though the upper perovskite 

layer.  

 

Fig. 3. 7 (a) Transfer characteristics of the MAPbI3/DPP-DTT bi-layer channel PT with 

different VDS in the dark, (b) comparison of the transfer curve of MAPbI3/DPP-DTT 

bi-layer channel PT and DPP-DTT channel PT at VDS= -1 V. (c) Dark channel current of 

MAPbI3/DPP-DTT and DPP-DTT based PTs in the off-state (VGS=8 V) and MAPbI3 based 

photoconductor as a function of VDS. Schematic device structures and current flow of 

the (d) DPP-DTT PT, (e) MAPbI3/DPP-DTT bi-layer channel PT in the off-state and (f) 

MAPbI3 based photoconductor, respectively. 
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To illustrate the point, the dark channel current in three structurally identical 

PTs having different channel layers of DPP-DTT, MAPbI3/DPP-DTT and MAPbI3 

are presented in Fig. 3.7 (c). The corresponding schematic device structures are 

shown in Fig. 3.7 (d)-(f). The current was recorded as a function of source-drain 

voltage with fixed VGS at 8 V for DPP-DTT and bi-layer MAPbI3/DPP-DTT based 

PTs which corresponds to the off-state of the transistor. For the MAPbI3 based 

device, the VGS was set at 0 V. Clearly, as the increase of VDS, the bi-layer channel 

PT show a higher channel current compared to that of the DPP-DTT PT. 

Intriguingly, the channel current of the MAPbI3 based PT show similar behavior 

with the bi-layer channel PT. Regarding these results, the higher off-state dark 

current in the bi-layer channel PT is believed to be caused by the shunt charge 

transport from the MAPbI3 channel as the schematic current flow depicted in Fig. 

3.7 (d)-(f). The MAPbI3 layer exhibit relative higher conductivity as compared to 

the DPP-DTT layer where hole transport was hindered by the accumulated 

electrons in the off-state. These results indicate that by varying the VGS in the 

bi-layer channel PT could introduce bi-layer charge transport where current pass 

through MAPbI3 layer in the off-state and through DPP-DTT channel in the 

on-state. 

The bi-layer charge transport in the heterojunction PTs actually favors the 

photo detection ability both in the off- and on-state compared to that of DPP-DTT 

polymer PTs, particularly in the UV-visible region. In the off-state, charge 

transport is preferred in the MAPbI3 layer in MAPbI3/DPP-DTT bi-layer channel 

PTs. MAPbI3 is an efficient light absorber with high absorption coefficient in the 

UV-visible region which could efficiently generate low binging energy excitons 

under light that can quickly separate into free holes and electrons with long 
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diffusion length and life time73. Thus, plenty of light induced charges move under 

VDS in MAPbI3 layer resulting in much enhanced IDS as schematically shown in Fig. 

3.8 (a). In this situation, MAPbI3 acts as a photoconductor similar to reported 

ones64,66. The strong light absorption and excellent electrical properties of 

perovskite material guarantees the higher photoresponsivity of bi-layer channel 

PTs in off-state in the UV-visible region as compared to that of DPP-DTT PTs. In 

the on-state, the MAPbI3 layer in bi-layer channel PTs efficiently absorbs incident 

light creating photo induced carriers that could diffuse and inject into the 

underlying DPP-DTT channel as schematically shown in Fig. 3.8 (b). The injected 

charges further increase mobile charge density in the DPP-DTT layer resulting in 

higher channel current as compared to that of DPP-DTT single channel PT. Thus, 

the photoresponsivity of the bi-layer channel PT in the UV-visible region was also 

dramatically improved. 

 

Fig. 3. 8 Schematic diagrams illustrating the transport processes of the charge carriers 

in the channel of the bi-layer MAPbI3/DPP-DTT PTs under UV-visible light illumination 

at the (a) off-state and (b) on-state. (c) Steady and (d) time resolved PL characteristics 

measured for the MAPbI3 and bi-layer MAPbI3/DPP-DTT films grown on the SiO2/Si 

substrates.  
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The charge transfer properties between the MAPbI3 layer and DPP-DTT layer 

was studied using steady and time-resolved photoluminescence (PL) measurements. 

PL spectra is usually associated with charge transfer between two adjacent 

photosensitive materials78 and is a qualitative way for estimation of charge 

separation. The steady and time-resolved PL spectra of single MAPbI3 film and 

bi-layer MAPbI3/DPP-DTT film on top of SiO2 were recorded and depicted in Fig. 

3.8 (c) and (d). The steady PL spectra from 650 nm to 850 nm show an obvious 

decrease in intensity for MAPbI3/DPP-DTT bi-layer compared to MAPbI3 single 

film indicating charge transfer from MAPbI3 to DPP-DTT polymer. Meantime, 

time-resolved PL indicate a shorter lifetime of light induced charges in MAPbI3 

when contact with DPP-DTT layer suggesting charge transfer from MAPbI3 to 

DPP-DTT as well. From these PL results, it is believed that the charge separation at 

the MAPbI3/DPP-DTT bi-layer interface in the on-state of the PT is responsible for 

the enhancement of photoresponsivity as compared to that of DPP-DTT PTs.  

It shows that the NIR light detection for the bi-layer channel PTs is more than 

two orders higher in photoresponsivity than that of the DPP-DTT single channel PT 

in the off-state. The much profound enhancement is attributed to the NIR generated 

exciton dissociation at the MAPbI3/DPP-DTT interface, caused by a large increase 

in charge density in the MAPbI3 channel, resulting in a higher photocurrent. As a 

comparison, in the on-state, the enhancement of photoresponsivity of the bi-layer 

channel PT under NIR light is less profound to that of DPP-DTT PT. 
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Fig. 3. 9 Photosensitivity of DPP-DTT based PT at different intensities of the light 

sources with different peak wavelengths of (a) 365 nm, (b) 450 nm and (c) 850 nm, 

respectively. The corresponding photosensitivity of the bi-layer MAPbI3/DPP-DTT PT at 

different intensities of the light sources with different peak wavelengths of (d) 365 nm, 

(e) 450 nm and (f) 850 nm, respectively. 

Another character of the photo detector, photosensitivity (P), which is the ratio 

of the photocurrent over dark current was also extracted from the transfer curves 

and presented in Fig. 3.9 as a function of light wavelength and intensity. The 

photosensitivity of the bi-layer channel PT was dramatically improved than that of 

the DPP-DTT PT especially in the UV-visible region which is similar to the 

enhancement of photoresponsivity. This is also believed to be associated with the 

MAPbI3 layer with excellent light sensitivity in the UV-visible region. 

Nevertheless, the peak photosensitivity of both PTs exhibit similar values under 

NIR light. 

To evaluate the specific detectivity (D*) of the PTs, the shot noise originate 

from dark current was considered to be dominant in the devices. Dark current 
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induced shot noise of a photo detector can be described as (√2𝑞𝐼𝑑𝑎𝑟𝑘∆𝑓), where 𝑞 

is the electronic charge constant, 𝐼𝑑𝑎𝑟𝑘  is the dark current, and ∆𝑓  is the 

bandwidth. Shot noise is usually considered to be frequency independent, such that 

the specific detectivity can be estimated as 𝐷∗ = (𝑅√𝐴)/√2𝑞𝐼𝑑𝑎𝑟𝑘), where 𝑅 is 

the photoresponsivity and 𝐴  is the active area of the detector. The specific 

detectivity of both PTs at different incident light wavelengths as a function of light 

intensities are shown in Fig. 3.10. Benefit from the much enhanced 

photoresponsivity in the UV-visible region, the D* of bi-layer channel PT was 

higher than that of DPP-DTT PT.  

 

Fig. 3. 10 Specific detectivity (D*) of DPP-DTT based PT at different intensities of the 

light sources with different peak wavelengths of (a) 365 nm, (b) 450 nm and (c) 850 nm, 

respectively. The corresponding specific detectivity of the bi-layer MAPbI3/DPP-DTT PT 

at different intensities of the light sources with different peak wavelengths of (d) 365 

nm, (e) 450 nm and (f) 850 nm, respectively. 
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3.5 Transient Photoresponse Characteristics 

The transient photoresponse speed of the bi-layer MAPbI3/DPP-DTT PT was also 

improved compared to DPP-DTT PTs under pulsed light signal. The 

time-dependent photoresponse characteristics of both PTs were carried out by 

exposing the PTs to modulated 450 nm light source at an ultra-low operating 

voltage (VGS=VDS= -1 V). The intensity of the light source was fixed at 2 µW/cm2 

with a frequency of 0.5 Hz. 

 

Fig. 3. 11 (a) Transient photoresponse of DPP-DTT PT and MAPbI3/DPP-DTT bi-layer 

channel PT under 450 nm with an intensity of 2 𝜇W/cm2 at 0.5 Hz. VGS and VDS are fixed 

at -1 V. (b) Enlarged transient photoresponse of MAPbI3/DPP-DTT bi-layer channel PT 

for estimation of rising and falling time. 

Fig. 3.11 (a) represents the photocurrent increase/decrease features of the 

bi-layer MAPbI3/ DPP-DTT PT and DPP-DTT PT. Clearly, the on and off speed 

for the bi-layer channel PT are much quicker than that of the DPP-DTT PT. The 

enlarged rise and decay profiles of MAPbI3/DPP-DTT bi-layer channel PT are 

given in Fig. 3.11 (b). Rise and fall time of the bi-layer MAPbI3/DPP-DTT PT are 

estimated by measuring the time taken for photo current rising from 10% to 90% 

and dropping from 90% to 10% respectively. The bi-layer MAPbI3/DPP-DTT 

channel PT exhibits a rise time of 0.17 s and a fall time of 0.23 s respectively while 

the DPP-DTT PT shows response time longer than 2 s for both rise and fall time 
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which is consistent with the previously reports79. The slow photoresponse for 

DPP-DTT PT might result from the presence of defeats80, relatively short exciton 

diffusion length81, and absence of a heterojunction for charge separation82. 

3.6 Summary and Conclusion 

In summary, the use of bi-layer MAPbI3/DPP-DTT channel in PT configuration for 

broadband photo detection from UV to NIR was analyzed. The use of a bi-layer 

MAPbI3/DPP-DTT channel largely enhances the photoresponsivity, 

photosensitivity and specific detectivity of the PTs, especially in the UV-visible 

region. In the meantime, the transient responses of the bi-layer MAPbI3/DPP-DTT 

PTs were also improved compared to DPP-DTT PTs, due to the excellent optical 

and electrical properties of MAPbI3 layer. It is anticipated that the concept of the 

bi-layer MAPbI3/DPP-DTT PT opens up a feasible and low-cost approach towards 

optically and electrically controllable photosensitive devices for a variety of 

applications. 
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Chapter 4: High Performing NIR Phototransistors 

with Donor/Acceptor (D/A) Bulk Heterojunctions 

(BHJs) as Active Channel 

4.1 Introduction 

As outlined in the last Chapter, the layered heterojunction was favorable for charge 

separation, thus enables an enhanced light detection capability. The bi-layer PT 

outperformed the control one in term of photoresponsivity and photosensitivity 

simultaneously mainly in the UV-visible region owning to the excellent 

optoelectronic properties of the perovskite capping layer. However, the NIR light 

detection ability of the bi-layer channel PT was still limited due to the insufficient 

charge photogeneration under NIR light. The layered heterojunction provide very 

limited charge separation interface, which is believed to be the main cause for the 

unsatisfied NIR light detection capabilities. Nevertheless, a high performing NIR 

PT is desirable for various applications such as health monitoring10,83, imaging84,85, 

gas sensing86,87, and so on. In NIR PTs, the active layer serves simultaneously as 

light sensitive media and charge transport channel, such that a group of 

parameters could influence the performance of NIR PTs such as the absorption in 

the active layer42, dissociation of the photogenerated excitons44,45 and carrier 

transport characteristics41,42,79 in the channel. Simultaneously good NIR light 

absorption and charge transport properties are the prerequisites in achieving high 

performing NIR PTs41,42,79. In the previous work, a polymer nanowire network 

was utilized as active channel in NIR PTs79. The results show that the polymer 

nanowire based PTs with a much higher charge mobility due to an improved 

ordering of the molecular packing in channel outperform the photoresponsivity of 

the planar thin film type PTs. In the meantime, the reduced contact resistance in 
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polymer nanowire based PTs also contribute the enhancement in 

photoresponsivity. However, the lack of an exciton dissociation interface hinders 

further improvement of the performances of the NIR PTs.  

It is wildly accepted that photogenerated exciton dissociation is a key point in 

photo to charge efficiency44,45. One strategy for the formation of exciton 

dissociation interface is stacking two materials together forming heterojunction 

configuration88. This process can be easily realized for evaporation based 

fabrications while it is hard for solution processable materials duo to the damage to 

underlying layer caused by subsequent processing solvents. Another solution is 

blending the materials together, usually in the way that donor materials are 

incorporated with acceptor materials forming a bulk-heterojunction (BHJ)44,45. 

These BHJs provide an efficient routine for efficient exciton dissociation occurred 

at the donor/acceptor (D/A) interface in BHJ. This strategy has already been 

commonly accepted in many high performing organic solar cells89–91. 

Nevertheless, there are still issues such as miscibility and common solubility in 

one solvent of the blended materials for forming the BHJ91–94. Moreover, the 

introduction of another material might cause the significant phase separation thus 

result in much deteriorated thin film quality94.  

In this chapter, BHJs based on the NIR sensitive donor polymer 

Diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene (DPP-DTT) blended with 

three different acceptor materials of [6, 6]-phenyl-C61-butyric acid methyl ester 

(PC60BM), [6, 6]-phenyl-C71-butyric acid methyl ester (PC70BM) and 

3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-h

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

were used as the active layer in the NIR PTs. The performance of the NIR PTs is 
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dependent on the types of the acceptors used in the BHJ active layer, due to their 

impact on the crystallinity of the donor material and the morphology of the BHJ. 

It was found in this study that when blending with PC70BM, the donor polymer 

has a negligible change in crystallinity, resulting BHJ exhibited minimal 

morphological change as compared to that of the pristine donor thin film. The 

results reveal that DPP-DTT:PC70BM BHJ based PTs outperformed the other the 

PTs with DPP-DTT:PC60BM and DPP-DTT:ITIC based channel layers in terms 

of photoresponsivity and photosensitivity. In the meanwhile, the introduction of 

acceptor materials, especially fullerene derivatives, further improves the 

non-ideality of the transistor which is very common in polymer based transistors. 

The improved non-ideality of the transistor reduces the photoresponsivity 

saturation phenomenon of the PTs while operating in the high gate voltage region.  

4.2 D/A BHJs for Phototransistor Channels 

DPP-DTT polymer was synthesized as described in the previous work95. PC60BM 

and PC70BM were purchased from Sigma Aldrich and ITIC from Solarmer. Three 

different solvents comprising 4 mg/mL DPP-DTT and 2 mg/mL acceptor material 

were prepared in 1, 2-Dichlorobenzene. They were kept stirring and heating at 60 

℃ overnight before use. The heavily p-doped silicon substrates with a ~300 nm 

thick thermally grown SiO2 were ultrasonically cleaned and then dried in oven. 

Before the deposition of the active material, the surface of SiO2 was treated with 

trichloro(octadecyl)silane to passivate the surface defects74,79. The substrates were 

then transferred to glovebox for deposition of the active layer by spin-coating at a 

rotation speed of 1500 rpm for 120 s. The thin films were annealed at 180 ℃ on 

hotplate for 10 min in the glovebox. Afterwards, a ~40 nm thick Au electrode was 

deposited on the active layer by thermal evaporation through a shadow mask 
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defining a channel length of 80 𝜇m and width of 1500 𝜇m, forming a bottom gate 

top contact phototransistor. 

 

Fig. 4. 1 The schematic cross-sectional view of a bottom gate top contact PT and the 

molecular structures of p-type DPP-DTT, and three n-type acceptor materials of PC60BM, 

PC70BM and ITIC. (b) The normalized absorption spectra of the donor and acceptor 

materials. 

In Fig. 4.1 (a), the bottom gate top contact device configuration and the 

molecular structures of p-type DPP-DTT, and three n-type acceptor materials of 

PC60BM, PC70BM and ITIC, are schematically illustrated. Their respective 

normalized absorbance spectra are given in Fig. 4.1 (b). From the absorption 

spectra, it is shown that DPP-DTT is a very good NIR sensitive material with a 

peak absorption located at ~830 nm. In the meantime, DPP-DTT has been 

investigated for high performing field effect transistors with excellent transistor 

characteristics such as high mobility, low subthreshold swing and high on/off 

ratio76,77,95. These promising optoelectronic characteristics render DPP-DTT being 

a very attractive candidate for NIR PTs. One previous study have unraveled the 

possibility of boosting the photoresponsivity by improving the channel mobility 

and reducing the contact resistance of DPP-DTT based PTs79. However, the lack 

of an exciton dissociation interface limits the further utilization of photogenerated 

excitons. In this study, three types of BHJs based on the blend of DPP-DTT with 
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PC60BM, PC70BM and ITIC, were then applied as the PT channels. The control 

PTs with a pristine DPP-DTT channel also were fabricated for comparison study. 

4.3 Photoresponse Properties of Different BHJ Based PTs 

The photoresponse characteristics were recorded by measuring the transfer curves 

of the PTs with and without NIR light illumination. The source-drain voltage (VDS) 

was fixed at -30 V during the scanning of the source-gate voltage (VGS) from 30 V 

to -30 V. The source-drain current (IDS) of four devices comprising different types 

of the channel layers as a function of VGS and NIR light intensity were recorded and 

depicted in Fig. 4.2. With the illumination of NIR light, photogenerated charges 

further increase the carrier density in the active channel resulting in the increment 

of IDS as compared to the dark current. Between different PTs, a more significant 

IDS increment at same NIR light intensity indicates a better NIR detection ability. 

Clearly, compared to DPP-DTT PTs, all the BHJ based PTs exhibit a better 

photoresponse.  

 

Fig. 4. 2 Transfer curves measured for (a) DPP-DTT-, (b) DPP-DTT:PC60BM-, (c) 

DPP-DTT:PC70BM- and (d) DPP-DTT:ITIC-based PTs using different intensities of NIR 

light with a peak wavelength of 850 nm. The VDS was set at -30 V. 
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The photoresponsivity (R) in A/W can be used to evaluate the PT 

performance, which is calculated by 𝑅 = 𝐼𝑝ℎ𝑜𝑡𝑜/𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡, where 𝐼𝑝ℎ𝑜𝑡𝑜 is the 

photo current and 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the incident light power. The photo current of the 

NIR PTs was obtained by subtracting the dark current from total channel current. 

The photoresponsivity of the four types of PTs was calculated and the results are 

plotted in Fig. 4.3. The NIR PTs with BHJ channel layers of DPP-DTT:PC60BM, 

DPP-DTT:PC70BM and DPP-DTT:ITIC BHJ showed higher photoresponsivity 

than that with a pristine DPP-DTT channel layer. This can be attributed to the 

improved dissociation of the photo-generated excitons at the D/A interface in the 

BHJ channel layer. Under NIR light intensity of 89  𝜇𝑊/𝑐𝑚2 , the best 

responsivity were 38, 104 and 26 A/W for DPP-DTT:PC60BM-, 

DPP-DTT:PC70BM- and DPP-DTT:ITIC-based BHJ type PTs, which is higher 

than that of DPP-DTT based PT with a R of 13 A/W. 

 

Fig. 4. 3 Photoresponsivity of (a) DPP-DTT-, (b) DPP-DTT:PC60BM-, (c) 

DPP-DTT:PC70BM- and (d) DPP-DTT:ITIC-based PTs as a function of VGS , measured 

using different intensities of NIR light with a peak wavelength of 850 nm. 
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Another characteristic of PT, photosensitivity (P), which is defined as 𝑃 =

𝐼𝑝ℎ𝑜𝑡𝑜/𝐼𝑑𝑎𝑟𝑘, where 𝐼𝑝ℎ𝑜𝑡𝑜 represents the photo current and 𝐼𝑑𝑎𝑟𝑘 stands for the 

dark current, was also studied. As shown in Fig. 4.4, the BHJ type PTs 

comprising fullerene acceptors of PC60BM and PC70BM achieved much better 

performances. Particularly, the photosensitivity of DPP-DTT:PC70BM-based PTs 

was more than one order of magnitude higher than that of DPP-DTT-based PTs 

operated at an NIR light intensity of 1.88 mW/cm2.  

 

Fig. 4. 4 Photosensitivity of (a) DPP-DTT-, (b) DPP-DTT:PC60BM-, (c) DPP-DTT:PC70BM- 

and (d) DPP-DTT:ITIC-based PTs as a function of VGS , measured using different 

intensities of NIR light with a peak wavelength of 850 nm. 

4.4 The Origin of Performance Enhancement of BHJ based PTs 

The improved photoresponsivity and photosensitivity for BHJ type PTs, 

especially comprising fullerene acceptors in the blend layer, were attributed to the 

improved exciton dissociation at the D/A interface. These characteristics were 

studied using the photoluminescence (PL) technique. Here, the PL intensities of 

the acceptors were recorded and then compared with that of the BHJs. In Fig. 4.5 
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(a)-(c), the PL patterns of the respective acceptors and their BHJs as a function of 

wavelength were depicted and compared. As the wavelength of the activation 

laser was 325 nm, it is expected that the activation light was absorbed only by the 

acceptor materials because the donor DPP-DTT has a negligible absorption at this 

wavelength, as indicated in Fig. 4.1 (b). 

 

Fig. 4. 5 Photoluminescence spectra measured for the acceptors and the 

corresponding BHJs of (a) PC60BM and DPP-DTT:PC60BM, (b) PC70BM and 

DPP-DTT:PC70BM, and (c) ITIC and DPP-DTT:ITIC. (d) The schematic diagram 

illustrating the origin of second PL peak (~880 nm) in the organic BHJs.  

The intensities of the typical PL peak of the BHJs all show a quenched 

manner in comparison with their respective neat acceptors. This is expected 

because the quenched PL was usually a signal of exciton dissociation at the D/A 

interface96,97. In this case, the photogenerated holes tend to transfer from the 

acceptor to the donor such that the emissive recombination in the acceptor was 

suppressed. Intriguingly, a second PL peak was observed in all three BHJs located 

at ~880 nm. This is due to the recombination of the charge transfer excitons by 
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emitting light, as shown schematically in Fig. 4.5 (d). This means there is a close 

interaction between the donor and acceptor materials. Since DPP-DTT has 

negligible absorption of the activation light at 325 nm, the photogenerated holes 

in donor were expected to come from the acceptor. The emissive charge transfer 

state recombination reveals that there is an exciton dissociation at the D/A 

interface and hole transfer from the acceptor to the donor in this case. It is noted 

that a much quenched PL in the DPP-DTT:ITIC blend is observed as compared to 

that seen in the neat ITIC film, due to the high absorption of DPP-DTT material 

near the ITIC PL peak of 770 nm.  

Based on this understanding, the high performance of BHJ based PTs in NIR 

detection can be expressed using the schematics in Fig. 4.6. With NIR light 

incident to the device, photogenerated excitons are formed in the donor material. 

The D/A interface in the BHJ provides potential difference that is large enough 

for exciton dissociation and charge separation as schematically illustrated in Fig. 

4.6 (a). Acceptor materials usually have a higher electron affinity, such that the 

photogenerated electrons could be attracted and trapped in the acceptor domain 

shown in Fig. 4.6 (b). The slow de-trapping of photogenerated electrons allow 

photogenerated holes travel multiple times in the channel through donor domain 

before the recombination44. In such a mechanism, the photo to charge generation 

ratio, i.e. external quantum efficiency (EQE), could be much higher than 100%. 

For DPP-DTT single component PTs, the lack of a charge separation interface and 

temporary electron trapping site would lead to a much lower EQE. In fact, the 

photoresponsivity has a close relationship with EQE in the form of 𝑅 = 𝐸𝑄𝐸/ℎ𝜈, 

where ℎ𝜈 is the incident photon energy in eV. In this case, the PTs with a 

DPP-DTT:PC70BM active channel achieved an R of ~104 A/W and calculated 
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high EQE of 15184%. This is much higher than that of the photo diodes which is 

usually below 100%. 

 

Fig. 4. 6 Schematic diagrams illustrating the charge carrier dynamics in BHJ-based PTs 

under NIR light illumination. (a) Charge separation at the D/A interface. (b) Illustration 

of electron aggregation in the acceptor domains enabling multiple hole transportation 

in the channel. 

Another reason for performance enhancement in BHJ based PTs is that, the 

temporal trapping of electrons in acceptor domain especially near the electrode 

and channel interface tend to facilitate the hole injection from gold electrode to 

the channel20.  

To further unravel the reason of high performing NIR PTs with a 

DPP-DTT:fullerene BHJ channel layer, especially with a DPP-DTT:PC70BM 

based BHJ, in terms of photoresponsivity and photosensitivity, the molecular 

packing characteristics and morphological properties of these BHJs were studied. 

As shown in Fig. 4.7, the respective XRD patterns measured for four BHJ films 

were presented featuring the typical peak of the donor material. It is observed that, 

when DPP-DTT was blended with fullerene derivatives, the XRD intensity 

measured for the blend layers has a negligible change, while in the case of 

DPP-DTT:ITIC blend film, the diffraction intensity dramatically decreased 

indicating an obvious change in the molecular packaging of DPP-DTT after the 

incorporation of ITIC.  
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Fig. 4. 7 XRD patterns measured for the thin films of (a) DPP-DTT, (b) DPP-DTT:PC60BM, 

(c) DPP-DTT:PC70BM and (d) DPP-DTT:ITIC. 

The respective AFM morphological properties were also depicted in Fig. 4.8. 

Consistent with the XRD results, the DPP-DTT:ITIC blend show a much 

significant phase separation with much rougher surface morphology. The root 

mean square roughness measured for the thin films of DPP-DTT, 

DPP-DTT:PC60BM, DPP-DTT:PC70BM and DPP-DTT:ITIC were 1.12, 1.31, 

1.04 and 1.49 nm respectively. The introduction of PC70BM into the BHJ has a 

much less impact on the film surface morphology as compared to other two 

acceptors. The negligible change in donor crystallinity and surface morphology in 

the DPP-DTT:PC70BM blend layer as compared to the pristine DRTT-DTT layer 

is responsible for improved performance of DPP-DTT:PC70BM-based NIR PTs. It 

is also noted that the miscibility between DPP-DTT and ITIC is not as good as 

that between DPP-DTT and fullerene derivatives in the BHJs. This indicate that 

the miscibility of donor and accept materials in the BHJ is a non-negligible point 

for achieving high performing NIR PTs. 
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Fig. 4. 8 AFM surface morphology measured for different thin films of (a) DPP-DTT, (b) 

DPP-DTT:PC60BM, (c) DPP-DTT:PC70BM and (d) DPP-DTT:ITIC. 

4.5 Improved Transistor Ideality with BHJ Channels 

It is observed that the peak photoresponsivity of these four types PTs located at 

different VGS. The photoresponsivity of the DPP-DTT-based PTs show a 

saturation behavior featuring saturated or even reduced photoresponsivity at 

higher negative VGS. This phenomenon was also observed in some single 

component based PTs in literatures53,98–100. DPP-DTT:ITIC-based PTs also show 

a slightly saturation in photoresponsivity. To gain a better understanding of this 

unique phenomenon, the field effect transistor characteristics of the PTs were 

investigated. The √IDSVGS characteristics measured for four different types of 

PTs were plotted in Fig. 4.9 (a). 
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Fig. 4. 9 The characteristics of the NIR PTs, (a) square root of IDS values as a function of 

VGS (VDS=-30 V). The double slope feature for DPP-DTT-based devices is denoted using 

two straight solid lines. (b) Calculated VGS dependent carrier mobility using the values 

presented in Fig.9 (a).  

Clearly, for DPP-DTT-based devices, a clear double slope behavior with a 

kink at VGS=0V was observed. As a comparison, the other three transistors 

comprising different acceptors in the BHJ channel exhibit a less obvious double 

slope phenomenon, especially the transistors having fullerene derivative in the 

BHJ channel layer. The double slope feature is associated to the non-ideality of 

the organic transistors101,102. Since the saturation mobility of the transistor can be 

extracted by fitting the slop of the √𝐼𝐷𝑆 values against 𝑉𝐺𝑆 as shown in Eq. 4.1, 

this double slope phenomenon might lead to an overestimation of the mobility of 

the transistors.  

𝜇𝑠𝑎𝑡 =
2𝐿

𝑊𝐶𝑖
(

𝜕√𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
)                                 (4.1) 

In Eq. 4.1, 𝐿  and 𝑊  represents the length and width of the transistor 

respectively and 𝐶𝑖 is the capacitance per unit area of the gate insulator. Clearly, a 

higher slope of √𝐼𝐷𝑆  against VGS leads to a higher 𝜇  value. In this case, by 

introducing the acceptor materials into the DPP-DTT donor polymer, especially 

fullerene derivatives, the non-ideality of the PTs was improved. To further verify 

the effect of the slope variation in √𝐼𝐷𝑆  as a function of VGS on mobility 
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calculation, the VGS dependent mobility was calculated based on Eq. 4.1 and were 

shown in Fig. 4.9 (b). It should be noted that, these values are valid only in the 

saturation region. A clear mobility plateau appears in DPP-DTT transistors at 

around VGS=5 V, and the mobility fluctuation is much significant with a highest 

and lowest mobility of 2.1 and 0.1 cm2s-1V-1 respectively in the saturation mode. 

On the contrary, the BHJ based transistors showed a less change of the mobility 

with varying VGS in the saturation region. The VGS dependent mobility has an 

impact on the photoresponsivity results. It can be observed that the plateau feature 

also appears in the photoresponsivity profiles of DPP-DTT based PTs. This might 

due to the gradually lowered carrier mobility as VGS scan from 0 to -30 V which 

affect the efficient photogenerated charge transportation in the channel. Such that 

the reason for PTs based on DPP-DTT showing a reduced photoresponsivity at 

higher negative VGS might be related to the non-ideality of the transistors.  

 

Fig. 4. 10 Transient NIR photoresponses of the PTs made with different channel layers 

of (a) DPP-DTT, (b) DPP-DTT:PC60BM, (c) DPP-DTT:PC70BM and (d) DPP-DTT:ITIC. VGS 

of 5 V and VDS of -30 V were used in the measurements. The constant intensity of the 

NIR light was controlled to be 100 μW/cm2.  
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The transient NIR photoresponse of these four PTs were presented in Fig. 4.10 

measured under chopped NIR light signal at a frequency of ~0.5 Hz. The VGS and 

VDS was fixed at -5 V and -30 V respectively. The NIR light intensity was set at 

~100 𝜇W/cm2. As a comparison, the DPP-DTT based PT showed a much less 

response due to a much low photosensitivity at this situation. All BHJ based PTs 

show a sharp response to NIR signal with relatively fast speed.  

4.6 Summary and Conclusion 

In summary, the effect of three different BHJs on the performance NIR PTs 

was investigated. The D/A interface provided by the BHJ largely facilitates the 

dissociation of the photogenerated excitons. Duo to the higher electron affinity of 

the acceptors, electrons can be temporally trapped in the acceptor domain 

allowing the photogenerated holes traveling multiple times resulting in ultra-high 

EQE. The trapped electrons especially near the vicinity of the electrode/channel 

interface would further facilitate the hole injection. This leads to a reduced contact 

resistance which is beneficial for hole injection and transport. The good 

miscibility between DPP-DTT and PC70BM results in a negligible impact on the 

crystallinity of DPP-DTT. The photoresponsivity and photosensitivity of the 

DPP-DTT:PC70BM-based PTs are higher than that of the PTs made of other two 

BHJ channel layers. It was also found that the non-ideality typically seen in the 

DPP-DTT-based PTs can be suppressed by applying a DPP-DTT:acceptor BHJ 

channel layer. As a consequence, the reduction of photoresponsivity in the 

saturation region with increasing VGS was solved. 

  



 61 

Chapter 5: The Effect of Charge Carrier Activation 

Energy on Photosensitivity of NIR Phototransistors 

5.1 Introduction 

In Chapter 4, the bulk-heterojunction based PTs for NIR light detection were 

studied. It shows that the photosensitivity (P), defined as the ratio of photocurrent 

to dark current, is an important property in NIR PTs. A higher photosensitivity of 

the detector is desired especially for weak light detection to differentiate light 

signal from background noise as shown in Fig. 4.10. Simultaneous improving the 

photocurrent and reducing dark current are the prerequisites for achieving a high 

sensitive PT operating especially under weak NIR light condition103. The P of an 

NIR PT is directly correlated to the change in channel current before and after 

NIR light illumination. The dark channel current in NIR PTs depends largely on 

carrier density. It has been realized that precious control of carrier density in the 

active channel is advantageous for achieving high performance field effect 

transistors104,105. The control of the density of the charge carriers in an NIR PT 

plays a critical role in the NIR detection, however, a systematic analysis of the 

modulation of the density of the charge carriers on the P of the NIR PTs has not 

been reported.  

In this chapter, the effect of the activation energy (Ea) of the charge carriers 

on carrier density in the channel before NIR illumination and its impact on the P 

of the NIR PTs was analyzed using temperature-dependent currentvoltage 

characteristic and XRD measurements. It shows Ea of the charge carriers is 

closely associated with the crystallinity of the channel layer in the polymer NIR 

PTs. The results reveal that a high Ea is desired for attaining lower carrier density 
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in the channel before NIR illumination, thereby resulting in low dark current, 

which is responsible for achieving high P in NIR PTs. 

5.2 Carrier Density Modulation Phenomenon 

All phototransistors were fabricated using highly p-doped silicon wafers with a 

300 nm thick thermally grown SiO2 gate dielectric (Ci~10 nF/cm2). Before the 

deposition of organic semiconductor, the SiO2 surface was treated with trichloro 

(octadecyl) silane76,77,79. After the substrates were dried in the glovebox, the NIR 

sensitive p-type polymer Diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene 

(DPP-DTT) solution in 1, 2-Dichlorobenzene with a concentration of 4 mg/mL 

was dropped onto the substrate and spin coated at a speed of 1500 rpm for 240 s 

forming a ~40 nm DPP-DTT layer. The bottom gate top contact type PTs were 

accomplished by overlaid a 40 nm thick gold source and drain contact, formed by 

thermal evaporation in a vacuum chamber. The source and drain electrodes are 

defined by a metal shadow mask, forming an 80 𝜇𝑚 long channel length and a 

1500 𝜇𝑚 wide channel width respectively. Finally, the PTs were annealed at 

different temperatures in the glovebox and each for 10 min. 

The schematic device configuration and molecular structure of the DPP-DTT 

polymer are presented in Fig. 5.1 (a) and (b). The optical properties of the 

polymer were investigated using the DPP-DTT films deposited on the quartz 

substrates. The crystallinity of the organic materials was controlled by adjusting 

the annealing temperature during the film preparation106–108. The absorption 

spectra of DPP-DTT thin films prepared at different annealing temperatures were 

recorded and presented in Fig. 5.1 (c). The absorption peaks of all films were 

located around 820 nm indicating their NIR sensitive abilities. It shows that the 

annealing procedures induce a red shift in the absorption peak, as indicated by the 
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red arrow in Fig. 5.1 (c). The inset is the distribution of absorption peaks of 5 

samples for each set. A clear gradual red-shift of the absorption peak suggests a 

better molecular ordering and enhanced 𝜋 − 𝜋 interchain interaction76,77,109–112. 

These results show effects of post-annealing process on DPP-DTT polymer 

crystallinity. To have a better insight into the molecular ordering of the DPP-DTT 

molecules, X-ray diffraction (XRD) measurements were performed and the results 

are given in Fig. 5.1 (d). The gradual intensity enhancement of the diffraction 

peak is clear with increment of the annealing temperature indicating better 

molecular packing74,77. These XRD results were consistent with the absorption 

spectra analyses in showing that the annealing improves molecular ordering in the 

DPP-DTT films.  

 

Fig. 5. 1 Schematic diagrams illustrating (a) the phototransistor configuration and (b) 

the molecular structure of DPP-DTT. (c) The absorption profiles of DPP-DTT thin film 

annealed at different temperatures. The arrow indicates the peak shift trend. The inset 

is the distribution of the absorption peaks obtained for the DPP-DTT films annealed at 

various temperatures. (d) XRD patterns measured for the DPP-DTT thin films on SiO2 

substrates as a function of the annealing temperature. 

The charge transport properties of DPP-DTT based PTs were elucidated by 

measuring the typical transfer curves of the PTs in dark condition. The results of 
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devices prepared under different annealing temperatures are given in Fig. 5.2 (a). 

All devices exhibit typical p-type field-effect behaviors. It is clear that annealing 

has a dramatic impact on the electrical performance of the PTs. With the increase 

in the annealing temperature, the turn on voltage (Von) and threshold voltage (Vth) 

of the NIR PTs have a clear shift towards positive gate bias (VGS) together with 

higher source-drain current (IDS). Fig. 5.2 (b) and (c) depict the distribution of 

hole mobility and Vth as a function of annealing temperatures. Clearly, 

post-annealing process slightly improves the hole mobility but leads to a shift of 

the Vth towards the positive value, which is a sign of higher carrier density in the 

channel104,105. The higher mobility observed for the annealed devices is mainly 

due to the improved molecular packing in the polymer channel layer, which is 

consistent with the absorption and XRD measurements in showing a better 

crystallinity in annealed polymer channel.  

 

Fig. 5. 2 Characteristics of the PTs measured in the dark. (a) Typical transfer curves of 

IDS as a function of VGS and their respective square root of IDS measured for the PTs 

prepared under different annealing temperatures. The distribution of (b) carrier 

mobility, (c) threshold, and (d) carrier density at VGS=0V of the PTs prepared at different 

annealing temperatures. Error bars denote standard deviation of data obtained f rom 5 

different PTs. 
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The Von can be used to quantitatively estimate the hole concentration in the 

channel at VGS=0 V using equation: 𝑛 = 𝐶𝑖𝑉𝑜𝑛/𝑒  104,105,113 where 𝐶𝑖  is the 

measured SiO2 capacitance per unite area, 𝑉𝑜𝑛 is the turn on voltage and 𝑒 is the 

elementary charge. As is shown in Fig. 5.2 (d), the carrier density, calculated 

based on the Von values, increases with the annealing temperature. As a 

consequence of the shift in the Von, the carrier density dramatically increases from 

3×1011 cm-2 for a PT with an as-deposited polymer channel to 1.6×1012 cm-2 of a 

structurally identical PT with a 200 ℃ post-annealing treatment, increased 5 

times. The dark condition transfer characteristics of the transistors reveal p-type 

doping with increased carrier density after the device annealing process. The 

effect of the change in the carrier density in PT channels, due to the improvement 

in the molecular packing in the polymer, on the photoresponse of the PTs was 

then analyzed. 

5.3 Effect of Carrier Density on Photosensitivity of PTs 

The photoresponse was carried out by measuring the transfer curves of the 

transistor in dark condition and under NIR light at various intensities. In Fig. 5.3 

(a) to (c), the photoresponses of the PTs made with the DPP-DTT channel layers 

annealed at different temperatures are presented. Meantime, the light induced Vth 

change is also plotted in Fig. 5.3 (d). The higher light intensity induces a larger 

Vth shift, because light induced Vth shift is usually ascribed to light induced carrier 

into the active channel. A larger shift in the Vth caused by the NIR light reflects a 

more efficient charge carrier change in the channel. It is interesting to see that the 

devices annealed at a lower annealing temperature show more significant NIR 

light response with much profound shift in Vth, indicating a more significant 

change in carrier density in the channel before and after NIR light illumination. 
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Fig. 5. 3 Photoresponse characteristics of DPP-DTT-based NIR PTs measured under the 

NIR irradiation (850 nm). The channel current and their square root values of PTs 

prepared at different annealing temperatures of (a) 0 ℃, (b) 100 ℃ and (c) 200 ℃, 

measured in the dark and under different NIR light intensities of 35, 103, 260, 736 

μW/cm2 as a function of VGS. VDS was fixed at -30 V. (f) The shift of light induced 

threshold voltage of the PTs as a function of NIR light intensity.   

 

Fig. 5. 4 (a) Photosensitivity and (b) photoresponsivity of the PTs, measured using an 

NIR source (736 μW/cm2), at various VGS and VDS was set at -30 V. The inset in (a) is the 

peak photosensitivity distribution of the NIR PTs prepared at different annealing 

temperatures. The inset in (b) is the photoresponsivity against light intensity of the 

devices annealed at different temperatures. The data were collected for the PTs 

operated at VGS=VDS= -30 V. 

In fact, the NIR light induced carrier density change dramatically impacts on 

the photosensitivity of the PTs which is defined as the ratio of photocurrent over 
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dark current. The photosensitivity is a critical parameter for photodetectors which 

represents the ability to differentiate light signal from noises. In Fig. 5.4 (a) and 

(b), the photosensitivity and photoresponsivity of the DPP-DTT based PTs with 

different annealing temperatures are shown. The NIR light intensity was 

controlled at 736 𝜇W/cm2. As a comparison, the photosensitivity of the PTs 

decreases dramatically with increase in the annealing temperature increases, as 

indicated by the green arrow. The peak photosensitivity of the PTs annealed at 

200 ℃ is only 22 which is more than four orders lower than that of the PTs made 

without annealing treatment. The inset in Fig. 5.4 (a) is a distribution of peak P 

values as a function of annealing temperature. The difference in photoresponsivity 

among the PTs annealed at different temperatures, on the other hand, is much less 

significant than that of the photosensitivity as shown in Fig. 5.4 (b). In the inset of 

Fig. 5.4 (b), the photoresponsivity of the PTs at VGS=VDS= -30 V are given as a 

function of NIR light intensities. Intriguingly, the PTs prepared with a low 

post-annealing temperature outperform the ones annealed at higher annealing 

temperatures, regardless of the fact that PTs with a polymer channel layer 

annealed at a high temperature exhibit better charge mobility.  

5.4 Study on the Charge Carrier Activation Energy 

It is shown that, post-annealing of the PTs leads to improved molecular packing, 

thereby slightly enhances the charge carrier mobility. However, the carrier density 

in the channel in the dark condition increases simultaneously, featuring a large 

positively shift of Von which is a sign of carrier density change. It is clear that a 

higher carrier density in the PT channel before NIR illumination is detrimental for 

the light detection performance, particularly the photosensitivity. To verify the 

origin of the modulation of the charge carrier density in the channel in dark 
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condition, caused by the post-annealing process, the activation energy of the 

charge carriers in the different channels was estimated by low-temperature 

dependent (220 K-290 K) dark current-voltage characteristics of the PTs. In Fig. 

5.5 (a)-(c), the temperature dependent dark transfer cures of the PTs are presented. 

The saturated carrier mobility as a function of temperature, over the range from 

220K to 290 K used in the measurement, was extracted from the transfer curves 

and plotted in Fig. 5.5 (d). Similarly, the charge carrier mobility in all transistors 

reduces gradually with decrease in the measurement temperature in consistent 

with the described charge hopping transport model for organic 

semiconductors112,114. The temperature dependent mobility provides an important 

information related to the Ea which reflects the hopping barrier of the charge 

carriers in the active channel112,115. The correlation between the temperature 

dependent carrier mobility and activation energy can be expressed by  𝜇 =

𝜇0exp (−𝐸𝑎/𝑘𝛽𝑇) , where 𝑘𝛽  is the Boltzmann constant, and 𝑇  is the 

temperature in Kelvin112,115–117. In such a situation, the Ea values can be readily 

obtained by fitting Arrhenius plots of mobility and temperature as shown in Fig. 

5.5 (e). The Arrhenius plot shows that a steeper slop of ln (𝜇) against 1/𝑇 of 

devices having a polymer channel without annealing is obtained, revealing a 

higher dependency of carrier mobility on temperature. The steeper slope is 

associated with a higher Ea. 
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Fig. 5. 5 Low-temperature current-voltage characteristics and Ea. Temperature 

dependent transfer curves of the DPP-DTT-based NIR PTs post annealed at (a) 0 ℃, (b) 

100 ℃ and (c) 200 ℃. (d) Extracted charge carrier saturation mobility of the PTs as a 

function of measurement temperature (in Kelvin). (e) Arrhenius plot of the mobility and 

temperature of the PTs prepared at different anneal temperatures. The solid lines are 

linear fittings of the temperature dependent mobility for extraction of  Ea. The extracted 

Ea of the charge carrier are 206, 136 and 103 meV respectively for PTs post annealed at 

0, 100 and 200 ℃. 

The fitted results for Ea of PTs post annealed at 0, 100 and 200 ℃ are 206, 

136 and 103 meV, respectively. The thermally annealed devices exhibit a lower 

Ea while the PTs prepared without the annealing process have a higher one. The 

higher Ea observed for the PTs having a polymer channel prepared without the 

annealing treatment is associated with the prominent amorphous regions and grain 

boundaries in as-prepared polymer layers115. Though a higher Ea which represents 

a higher hopping barrier for charge carriers in the channel is not favorable for hole 

transport, it is critical for obtaining ultra-low carrier density before NIR 

illumination, thereby impacts on the photosensitivity of the PTs under NIR light. 
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The results reveal that the density of the charge carriers in the channel in dark 

condition is closely associated with the Ea of charge carriers in the PTs. NIR PTs 

with a DPP-DTT channel prepared by a post-annealing treatment have a lower Ea, 

due to the improvement of molecular packing and reduction of the amorphous 

regions in the channel layer. The improved crystallization in the polymer channel 

also contributes to the increase in the density of the charge carriers in the channel, 

but it is not preferable for achieving high photosensitivity in NIR PTs. 

5.5 Summary and Conclusion 

To conclude, the effect of the Ea of the charge carriers in the polymer channel on 

the photosensitivity of NIR PTs was analyzed. The results reveal that NIR PTs 

with a high Ea of the charge carriers in the channel is favorable for achieving low 

dark current, which is found to be a prerequisite for attaining a high 

photosensitivity in NIR PTs due to a prominent increase in the number of charge 

carriers upon NIR irradiation to the number of the charge carriers in the channel 

prior to the illumination. The finding of the work provides a new device concept 

for designing high photosensitivity NIR PTs. 
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Chapter 6: NIR Sensitive Photodiodes for Photo 

Up-conversion from NIR to Visible 

6.1 Introduction 

In traditional NIR light imaging techniques, NIR light detectors are arranged into 

arrays in which one NIR detector serves as a pixel and sophisticated read-out 

circuits are desired for the signal processing. Another strategy for NIR to visible 

light up-conversion is to utilize optoelectronic processes where the incoming NIR 

photons could be transferred to visible photons6,118–121. These processes are 

usually realized by using NIR light sensitive devices to transfer the NIR photons 

into charges through charge photogeneration and then the energy of the charges is 

released to emit visible light by a light-emitting diode (LED), enabling the 

up-conversion process. These up-conversion devices usually compose an NIR 

sensitive unit and a visible light emission unit monolithically stacked in a diode 

configuration6,118,120,122,123. The NIR sensitive unit serves as a charge generation 

layer (CGL) under NIR illumination and the NIR photo generated charges are 

then injected to the LED unit for emitting visible light. Due to the dominant 

vertical charge transport rather than lateral transport in the diode geometry with 

high electric field density supplied by the external circuit, the efficient 

electroluminescence in area where NIR-induced efficient charge injection occurs 

in the LEDs can be displayed clearly, producing the visible light image. Therefore, 

the up-conversion devices made by solution processable materials with flexible 

and large area properties are attractive for use in pixel-less NIR imaging 

applications118,119,122–124. The pixel-less imaging process avoids the delicate design 

of NIR detector array and complex data processing with external circuits which is 

required in traditional NIR imaging techniques119. 
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Inorganic semiconductors were firstly employed for the up-conversion 

process due to their mature techniques119,125–127. However, the inherent brittle and 

rigid characteristics of inorganic materials, limit their use in in large area and 

flexible applications. Up-conversion devices based on the small organic 

molecules, on the other hand, can be fabricated for large area118,122,123, which 

generates a large NIR sensitive and visible light emitting area, creating a platform 

for direct pixel-less imaging of NIR objects118,119,122,123, e.g. producing a clear 

image of human vessels122. However, there are still issues remained in these 

evaporated small molecule based up-conversion devices. On the one hand, small 

molecule as visible light emitter in up-conversion devices usually exhibit a 

relatively broadband light emission spectrum118,119,121,124,126 which is not 

advantageous for imaging applications due to their poor color gamut for full-color 

display. On the other hand, these materials are usually vacuum evaporated which 

hinders their potential use in facile and costless device fabrications. Solution 

processable perovskite materials, different from small molecule based emitters, 

can be processed in solutions, which is appealing in mass production using blade 

coating or printing techniques. In particular, the perovskite based LEDs exhibit 

saturated and tunable emission spectra by tuning the component composition128–

130. The saturated color is of great significance for imaging application. In this 

regard, perovskite LEDs with a narrow emission spectrum in the visible light 

wavelength131 are promising for full-color imaging applications. Further, the 

tunable emission spectrum of perovskite LEDs could be potentially very attractive 

for NIR to visible up-conversion imaging application, especially with the EL 

emission at wavelengths near the peak response of human vision. All inorganic 

but solution processable CsPbBr3 perovskite with efficient green light emission 



 73 

properties are attracting massive research interests due to their saturated green 

light quality and excellent stability in ambient29,131. The progressive development 

of CsPbBr3-based LEDs has attained high luminance and current efficiency by 

either the design of the device architecture130,132 or delicate control the emissive 

layer in combination with additives133. These progresses render CsPbBr3-based 

LEDs promising for imaging uses. 

For the NIR sensitive media, solution based organic materials show 

promising characteristics due to their high sensitivity to NIR light. The 

donor/acceptor bulk heterojunction (BHJ) type active media is a wildly accepted 

strategy for efficient photon absorption and charge generation. Compared to 

fullerene based acceptors whose absorption is mainly in the UV-visible region, 

the development of non-fullerene based molecules with excellent long wavelength 

sensitivity has drawn huge attention134–136. The favorable absorption in the NIR 

region of the non-fullerene acceptor based BHJs solar cells leads to a better solar 

harvesting capability and is pushing the power conversion efficiency to an 

increasing high level135,136. These long wavelength sensitive non-fullerene 

acceptors are also promising for NIR detection applications when in combination 

with NIR sensitive donors. 

In this chapter, high performance NIR to visible light up-conversion devices 

were obtained by integrating a saturated green light emission of the 

CsPbBr3-based LED unit and a solution-processed high efficiency NIR CGL, 

based on the Diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene (DPP-DTT) : 

[6, 6]-phenyl-C71-butyric acid methyl ester (PC70BM) and DPP-DTT: COi8DFIC 

BHJs. The visible light emission from the CsPbBr3 is fully controlled by the 

irradiation of the NIR light, i.e. the visible light emission in the upper perovskite 
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LED unit can be regulated by the presence of NIR light due to the injection of 

charges generated in the CGL with the presence of NIR light from the CGL to the 

upper perovskite LED. In such a process, the visible light emission can be seen 

clearly corresponding to the area where the effective charge injection occurs, 

caused by the NIR CGL, such that the object reflecting or illuminating of NIR 

light can be displayed by the visible light, enabling the NIR imaging. The effect 

of a BHJ based on donor polymer DPP-DTT and non-fullerene acceptor 

COi8DFIC135,136 both with absorption in the NIR region, on the up-conversion 

performances was investigated. Results showed that a better NIR light sensitivity 

of the non-fullerene acceptor was favorable for NIR light induced charge 

generation in the BHJ CGL, resulting in a better NIR to visible light 

up-conversion efficiency. 

6.2 Up-conversion Process from NIR to visible light 

The device structure is ITO/ZnO/BHJ/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al as 

schematically shown in Fig. 6.1 (a). Glass substrates with pre-patterned ITO 

electrodes of 180 nm thick were ultrasonically washed in sequence of diluted 

detergent, deionized water, acetone and isopropanol. The ITO surface was treated 

with UV-Ozone plasma after drying in oven. The ZnO film was formed from a 

sol-gel method. 0.05 M precursor solution was spin-coated on top of ITO and 

annealed at 200 ℃ for 10 min as the seed layer. Then 0.5 M precursor was casted 

to the thin ZnO seed layer and annealed at 200 ℃ for another 10 min. This 

results in a ~50 nm thick ZnO simultaneously as the electron transporting and 

hole blocking layer. The BHJ based NIR CGLs were prepared by spin coating the 

blend solutions using different rotation speeds in glovebox followed by annealing 

at 90 ℃ for 10 min. Due to the hydrophobic surface of the BHJ layer, Argon 
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plasma was conducted to achieve a hydrophilic surface for the ease deposition of 

~40 nm PEDOT:PSS hole transporting layer. Then, the samples were 

post-annealed at 100 ℃  for drying. The CsPbBr3 light emission layer was 

formed on the PEDOT:PSS hole transporting layer surface by spin-coating and 

post-annealed at 70 ℃ for 10 min. Afterwards, the samples were transferred to a 

vacuum chamber for deposition of 100 nm electron transporting layer TPBi, 1 nm 

electron injection layer LiF and 100 nm Al as cathode using thermal evaporation. 

The finished devices were then encapsulated for measurements. 

Generally, the up-conversion device is composed of an front NIR photodiode 

unit of ZnO/BHJ/PEDOT:PSS monolithically integrated with an upper LED unit 

of PEDOT:PSS/CsPbBr3/TPBi, as shown in Fig. 6.1 (a). These two functional 

units were stacked vertically forming an NIR to visible light up-conversion device. 

In the NIR photodiode unit, the BHJ, made with DPP-DTT:PC70BM or 

DPP-DTT:COi8DFIC blend layer, serves as an NIR CGL where NIR photon 

induced charge generation occurs. The molecular structures of the NIR absorbing 

polymer DPP-DTT, fullerene acceptor of PC70BM and non-fullerene acceptor of 

COi8DFIC are shown in Fig. 6.1 (b). The corresponding normalized absorbance 

spectra of DPP-DTT77,79 and the acceptors are shown in Fig. 6.1 (c). Compared to 

fullerene based PC70BM, the non-fullerene acceptor COi8DFIC has a relatively 

weaker absorption in the UV-visible region, but a stronger absorption in the NIR 

region with a peak absorption located at ~850 nm. The perovskite CsPbBr3 

emissive layer was selected for the visible light emission due to its solution 

processability and saturated green light (~520 nm) emission, at which human eye 

show large sensitivity. The performance of the CsPbBr3-based LEDs was 
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optimized by controlling the thickness and morphology of the CsPbBr3 

light-emitting layer. 

 

Fig. 6. 1 (a) Schematic diagram illustrating the cross-sectional view of an NIR to visible 

up-conversion device configuration, with an NIR photodiode and a CsPbBr3 

perovskite-based visible light LED, (b) molecular structures of DPP-DTT, PC70BM and 

COi8DFIC, and (c) their corresponding normalized absorbance spectra. 

The current densityvoltage (JV) and luminancevoltage (LV) 

characteristics of the NIR-to-visible up-conversion devices were measured in the 

presence and the absence of the NIR light illumination. It shows that the 

performance of the up-conversion devices is dependent on the type of the BHJs 

and their layer thickness. JV and LV characteristics measured for the 

up-conversion devices made with different DPP-DTT:PC70BM NIR CGL 

thicknesses of 46 nm, 65 nm and 85 nm are presented in Fig. 6.2 (a), (b) and (c). 

The corresponding luminance On/Off ratios, defined as the ratio of the luminance 

of the up-conversion device in the presence of NIR to that measured for the 
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devices in the absence of NIR, as a function of the voltage are plotted in Fig. 6.2 

(d). The intensity of the NIR light (850 nm) of ~5 mW/cm2 was used in the 

measurement.In the absence of NIR light, the threshold voltage of the visible light 

emission in the up-conversion devices increases with the increase in the thickness 

of the NIR CGL, which is related to the gradual decrease in the efficiency of the 

hole injection from the anode side to the LED caused by the increase of CGL 

thickness. While under NIR light illumination, the visible light emission of the 

up-conversion devices increases significantly as compared to the ones measured 

in the absence of the NIR illumination. This is due to the NIR induced charge 

generation in the CGL and charge injection from the CGL to the LED unit. The 

visible light emission of the up-conversion devices in absence of NIR light, 

observed for the devices operated under a large bias, can be considered as a 

background noise, therefore a high luminance On/Off ratio is desired for 

application in high performing NIR to visible light conversion. A relatively higher 

current density and a higher luminance in the up-conversion devices with a 

thinner NIR CGL were observed in the presence of NIR light. However, the 

On/Off ratio of up-conversion device with a thinner NIR CGL is much lower due 

to the relatively lower responses to the NIR light. With increase in the thickness 

of the NIR CGL in the up-conversion devices, a gradual decrease in the current 

density and the visible light emission was observed, along with an increase in the 

luminance On/Off ratio due to an enhanced response to the NIR light. Further 

increase in the thickness of the NIR CGL in the up-conversion devices leads to an 

obvious decrease in both current density and the luminance On/Off ratio, caused 

by a poor light out-coupling in the devices due to the absorption of the visible 

light by the BHJ CGL. The luminance On/Off ratio shown in Fig. 6.2 (d) clearly 
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indicate the effect of the thickness of the NIR CGL on the luminance On/Off ratio 

of the DPP-DTT:PC70BM CGL based up-conversion devices. The strong visible 

light absorption by PC70BM in the BHJ CGL before light out-coupling largely 

limits the luminance On/Off ratio of DPP-DTT:PC70BM CGL based 

up-conversion devices. 

 

Fig. 6. 2 J-V and L-V characteristics measured for the NIR to visible light up-conversion 

devices made with different DPP-DTT:PC70BM NIR charge generation layer thicknesses 

of (a) 46 nm, (b) 65 nm and (c) 85 nm. (d) The luminance On/Off ratio, defined as the 

ratio of the luminance of the up-conversion device in the presence of NIR to that 

measured for the device in the absence of NIR, as a function of the voltage. The On/Off 

ratio in (d) was calculated from (a), (b) and (c). The NIR light intensity is ~5 mW/cm 2. 

JV and LV characteristics measured for the up-conversion devices made 

with different DPP-DTT:COi8DFIC CGL thicknesses of 45 nm, 67 nm and 91 nm 

are plotted in Fig. 6.3 (a), (b) and (c). The luminance On/Off ratios of the 

corresponding up-conversion devices as a function of the operating voltage are 

shown in Fig. 6.3 (d). The effect of the NIR CGL thickness on light emission 

threshold voltage, luminance On/Off ratio of the DPP-DTT:COi8DFIC CGL 
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based up-conversion devices is very similar to that of the DPP-DTT:PC70BM 

based up-conversion devices. The increase in the thickness of the NIR CGL layer 

also leads to an increase in the luminance On/Off ratio, and followed by a drop. 

This is attributed to the trade-off between the NIR absorption and the visible light 

out-coupling in the CGL.  

 

Fig. 6. 3 J-V and L-V characteristics measured for the NIR to visible light up-conversion 

devices made with different DPP-DTT:COi8DFIC NIR charge generation layer 

thicknesses of (a) 45 nm, (b) 67 nm and (c) 91 nm. (d) The luminance On/Off ratio, 

defined as the ratio of the luminance of the up-conversion device in the presence of 

NIR to that measured for the device in the absence of NIR, as a function of the voltage. 

The On/Off ratio in (d) was calculated from (a), (b) and (c). The NIR light intensity is ~5 

mW/cm2. 

However, compared to the DPP-DTT:PC70BM CGL, DPP-DTT:COi8DFIC 

CGL has a much lower absorption in the visible light region, therefore, an obvious 

enhancement in the luminance On/Off ratio was realized in the 

DPP-DTT:COi8DFIC based up-conversion devices. The results show that the 

luminance On/Off ratio obtained from the optimized DPP-DTT:COi8DFIC based 

up-conversion devices is more than two orders of magnitude higher as compared 
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to that measured from the optimized DPP-DTT:PC70BM based up-conversion 

devices. Apparently, a combination of a high efficiency NIR light response and an 

improved light out-coupling in the DPP-DTT:COi8DFIC based up-conversion 

devices is favorable for achieving a high luminance On/Off ratio.  

The current efficiencyvoltage characteristics (V) measured for the 

up-conversion devices made with different DPP-DTT:PC70BM and 

DPP-DTT:COi8DFIC NIR CGLs are shown in Fig. 6.4 (a) and (b). It shows that 

the improvement in the current efficiency of the up-conversion devices under NIR 

light is closely associated with the properties of the NIR CGL, which plays a 

critical role in controlling the characteristics of the hole injection to the LED unit. 

The NIR CGL-assisted hole injection with the presence of NIR light to the LED 

helps to improve the hole-electron current balance, thereby improving the current 

efficiency. In the meantime, compared to DPP-DTT:PC70BM CGL, a weak visible 

light absorption in the DPP-DTT:COi8DFIC NIR CGL, also is favorable for 

attaining a high current efficiency due to the improvement of the visible light 

out-coupling efficiency. The up-conversion efficiency, defined as the ratio of the 

number of visible light photons emitted by the up-conversion devices in the 

presence of NIR illumination to the number of incident NIR photons, as a 

function of the operating voltage, measured for the DPP-DTT:PC70BM and 

DPP-DTT:COi8DFIC based up-conversion devices are presented in Fig. 6.4 (c) 

and (c). A high NIR photon to visible light photon up-conversion efficiency of 1.9% 

was achieved for the optimized DTT:COi8DFIC based up-conversion devices 

operated at 6V, which is comparable to that of the reported up-conversion devices 

made with the organic small molecules120,137. The high NIR photon to visible light 
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photon up-conversion efficiency is mainly originated from the high NIR 

sensitivity of the BHJ based CGL.  

 

Fig. 6. 4 Current efficiency characteristics measured for the NIR to visible light 

up-conversion devices made with different NIR CGLs of (a) DPP-DTT:PC70BM and (b) 

DPP-DTT:COi8DFIC. The up-conversion efficiency, defined as the ratio of the number of 

visible light photons emitted by the up-conversion devices in the presence of NIR 

illumination to the number of incident NIR photons, as a function of the operating 

voltage measured for (c) DPP-DTT:PC70BM based and (d) DPP-DTT:COi8DFIC based 

up-conversion devices. 

To further unravel the properties of the BHJ NIR CGL, two types of 

photodiodes made with a 65 nm thick DPP-DTT:PC70BM active layer and a 67 

nm thick DPP-DTT:COi8DFIC active layer were fabricated. The schematic 

cross-sectional view of the NIR photodiode having a device configuration of 

ITO/ZnO/BHJ/PEDOT:PSS/Au is shown in Fig. 6.5 (a). The normalized 

absorption spectra measured for the DPP-DTT:PC70BM and 

DPP-DTT:COi8DFIC CGLs, the spectrum of the NIR LED used in the 

measurement, and the EL spectrum of a CsPbBr3 LED are presented in Fig. 6.5 
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(b). Clearly, the DPP-DTT:COi8DFIC BHJ shows a much higher absorption in 

the NIR region and a lower absorption in the visible region. On the contrary, the 

fullerene acceptor PC70BM mainly absorbs the UV-visible light region, covering 

the EL spectrum emitted by the perovskite LED unit.  

 

Fig. 6. 5 (a) The schematic cross-sectional view of the NIR photodiode, (b) The 

normalized absorption spectra measured for the DPP-DTT:PC70BM and 

DPP-DTT:COi8DFIC BHJs used in the NIR photodiode, the spectrum of an NIR LED used 

in the measurement, and the EL spectrum of a CsPbBr3 LED. (c) The normalized EQE 

spectra measured for the photodiodes having DPP-DTT:PC70BM (65 nm thick) and 

DPP-DTT:COi8DFIC BHJ (67 nm thick) NIR charge generation layers. (d) The NIR 

photoresponse, photocurrent-voltage characteristics measured for the photodiodes 

under different intensities of NIR irradiations.  

The normalized external quantum efficiency (EQE) spectra measured for the 

NIR photodiodes having DPP-DTT:PC70BM and DPP-DTT:COi8DFIC BHJ NIR 

CGLs are presented in Fig. 6.5 (c). Consistent with the absorption characteristics, 

the DPP-DTT:COi8DFIC based NIR photodiode showed much higher EQE in the 

NIR region and lower EQE at the EL spectrum of the perovskite LED. This 

indicates a higher NIR sensitivity and a higher green light out-coupling for the 
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DPP-DTT:COi8DFIC CGL based up-conversion device, agreeing with the above 

discussion with regarding to the high efficient up-conversion processes. The 

photocurrentvoltage characteristics of the NIR diodes were also investigated. 

The DPP-DTT:COi8DFIC CGL based NIR photodiodes exhibit a much profound 

photocurrent generation in the presence of the NIR light as a function of the light 

intensity, as shown in Fig. 6.5 (d). This is correlated with the CGL absorption 

profiles and the photodiode EQE results. 

 

Fig. 6. 6 Schematic diagrams showing the energy levels of the functional materials 

used in the up-conversion devices, and the up-conversion processes of (a) hindering 

hole injection in the absence of NIR light illumination, and (b) BHJ based NIR charge 

generation layer that enables facilitating the hole injection in CsPbBr3-based 

perovskite LED, creating visible light emission. 

The schematic operation mechanism of the up-conversion device is illustrated 

in Fig. 6.6. The BHJ serves as an NIR CGL in the NIR photodiode, controlling 

the charge injection in the LED as a function of the intensity of the NIR light. As 

shown in Fig. 6.6 (a), the hole injection to the perovskite LED is efficiently 

suppressed. Although the injection of the electrons can be achieved through the 

cathode side, the light emission in the LED is suppressed and only limited 

emission can be attained by the injection of the holes under a larger bias. In the 

presence of an NIR light source shown in Fig. 6.6 (b), the NIR sensitive BHJ 

serves as CGL where charge photogeneration occurs. Under external electronic 
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field, the photo-generated holes in the NIR CGL can be easily injected to the 

CsPbBr3-based LED enabling an efficient emission of the visible light. It is 

noteworthy that the visible light emitted from the perovskite LED requires to 

overcome the absorption by the BHJ CGL before out-coupling as shown in Fig. 

6.6 (b). In such a case, the DPP-DTT:COi8DFIC CGL is preferable for visible 

light out-coupling due to its weak visible light absorption, which is one of the 

reason for its better up-conversion performances as compared to that of 

DPP-DTT:PC70BM CGL based up-conversion devices. 

6.3 Pixel-less NIR Imaging Using UP-conversion Devices 

Firstly, the transient NIR response characteristics of the up-conversion devices 

were studied. A 2 kHz frequency modulated NIR light source (780 nm) was used 

for analyzing the current responses of the up-conversion devices with a 65 nm 

thick DPP-DTT:PC70BM CGL and a 67 nm thick DPP-DTT:COi8DFIC CGL. 

The results were shown in Fig. 6.7 (a). The clear comparison of the typical 

responses of the up-conversion devices, the duty cycle of the NIR signal used in 

the measurement are plotted in Fig. 6.7 (b).  

 

Fig. 6. 7 (a) The transient photocurrent responses measured for the DPP-DTT:PC70BM 

(65 nm thick) and DPP-DTT:COi8DFIC (67 nm thick) based up-conversion devices using 

a 2 kHz frequency modulated NIR source. (b) Comparison of the typical responses of 

the corresponding up-conversion devices, the duty cycle of the NIR signal also is 

plotted for reference. The rising time of the up-conversion devices with different NIR 

charge generation layers of DPP-DTT:PC70BM and DPP-DTT:COi8DFIC are estimated to 

be 95 us and 76 us respectively.  
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The rising time of the up-conversion devices with a 65 nm thick 

DPP-DTT:PC70BM CGL and a 67 nm thick DPP-DTT:COi8DFIC CGL were 

estimated to be 95 and 76 𝝁𝒔 respectively, which are fast enough for imaging 

applications. 

 

Fig. 6. 8 (a) EL emission spectra measured for an up-conversion device, having a 67 nm 

thick DPP-DTT:COi8DFIC NIR charge generation layer, at different driving voltages 

using a steady state NIR irradiation of ~5 mW/cm2. (b) The CIE coordinates of EL 

spectrum measured for the DPP-DTT:COi8DFIC (67 nm) based up-conversion device, 

the CIE coordinates of the EL for other up-conversion devices reported in the 

literatures also are presented in the CIE chromaticity diagram for comparison.  

The visible light quality of the emitter is also an important concern. In this 

study, the inorganic CsPbBr3 perovskite light emitter was selected due to its 

solution processibility, high stability and saturated green light emission with a 

peak EL at ~520 nm, which is very close to the wavelengths near the peak 

response of the human eye. No obvious difference in the EL emissions among all 

up-conversion devices was observed. The typical EL emission spectra, measured 

for an up-conversion device having a 67 nm thick DPP-DTT:COi8DFIC NIR 

CGL at different driving voltages using a steady state NIR irradiation of ~5 

mW/cm2 are plotted in Fig. 6.8 (a). The peak position of the EL spectra measured 

for the up-conversion device at different driving voltages is very stable. The CIE 

coordinates of the EL spectrum measured for the up-conversion device, the CIE 
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coordinates of the EL spectra of other up-conversion devices reported in the 

literatures also are presented in the CIE chromaticity diagram for comparison, as 

shown in Fig. 6.8 (b). With a CIE coordinate of (0.09, 0.77), the EL emission 

from the up-conversion devices produced a very good saturated green light, 

offering a promising device option for application in imaging with a large color 

gamut. 

 

Fig. 6. 9 Photo picture of an up-conversion device having a 67 nm thick 

DPP-DTT:COi8DFIC NIR CGL, (a) in the absence of NIR light, (b) in the presence of NIR 

light. The photo pictures taken for the same up-conversion device operated using (c) 

dot, (d) vertical stripe and (e) lateral strip shaped NIR light sources. The NIR light 

sources with a wavelength of 850 nm and an intensity of 1 mW/cm2 were used in the 

measurements. All the devices were operated at 3V. 

Lastly, the NIR sensing and imaging capabilities of the up-conversion 

devices were demonstrated. The devices were set at a very low driving voltage of 

3V. A photo picture taken for an up-conversion device with a 67 nm thick 

DPP-DTT:COi8DFIC NIR CGL is shown in Fig. 6.9 (a), illustrating that there 

was no visible light emission in the absence of the NIR light. Fig. 6.9 (b) is the 
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photo pictures taken for the same up-conversion device with the presence of NIR 

light of ~1 mW/cm2. Clearly, a bright green light emission is observed in the 

up-conversion devices. The photo pictures taken for the up-conversion devices 

having a 67 nm thick DPP-DTT:COi8DFIC NIR CGL, operated using the dot, 

vertical stripe and lateral strip shaped NIR light sources (~1 mW/cm2) are shown 

in Fig. 6.9 (c), (d) and (e). In the presence of the NIR light, the up-conversion 

devices produced a saturated green light emission and displayed the same shapes 

of the NIR light sources, demonstrating the high sensitivity of the NIR to visible 

light conversion capability.  

6.4 Summary and Conclusion 

The performance of the solution processable NIR to visible light up-conversion 

devices were studied. The results reveal that the blend of NIR sensitive polymer 

DPP-DPP with a non-fullerene acceptor COi8DFIC is a suitable NIR CGL for the 

up-conversion processes due to its unique combination of strong NIR absorption 

and weak visible light absorption. The high performing NIR to visible light 

up-conversion devices were demonstrated using a solution processable 

CsPbBr3-based perovskite LED, producing a saturated 520 nm green light EL 

emission in the presence of an 850 nm NIR light source. The use of the perovskite 

LED unit that produces a highly saturated green light, corresponding to the 

wavelengths near the peak response of the human eye, is favorable for imaging 

applications. The device concept of the up-conversion devices provides a platform 

for vivo observation of NIR light, appealing for bio imaging or disease diagnose 

applications. 
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Chapter 7: Nano-grating Hole Transporting Layer 

for High Sensitivity Broadband Wide-angle 

Perovskite Photodiodes 

7.1 Introduction 

While organic-inorganic perovskite materials are dominated in the light harvesting 

applications and significant power efficiency over 20% was achieved61,62,138, these 

rapidly developed materials are attracting increasing interests for use in broadband 

photo detection fields139–142 because the organic-inorganic hybrid perovskite 

materials have several advantages including tunable bandgap, high carrier mobility 

and long diffusion length143 etc. that are desired for high performing broadband 

photodiodes (PDs). The organic-inorganic hybrid perovskite semiconductors can 

also be prepared using solution fabrication process, making them very suitable for 

application in large area image formation, real time monitoring at low cost. 

Realization of absorption enhancement in perovskite detector is a prerequisite for 

attaining high photoresponsivity. The absorption in the active layer in PDs can be 

increased by increasing the layer thickness. However, increase in the thickness of 

the perovskite active layer is not favorable for carrier transport often causing 

deterioration in device performance140,144. Various approaches have been 

developed for absorption in thin perovskite layer aiming for a more efficient charge 

transporting without scarifying light harvesting. Different approaches including 

plasmonic effect145,146, anti-reflection147–149, light scattering150,151 et al. have been 

reported for use in light manipulation a thin perovskite film. In such schemes, 

textured interfaces with either randomly or periodically arranged nano-structures 

are introduced to increase light absorption in perovskite layer via surface plasmon 

polariton and light scattering processes152–155. Apart from the favorable light 
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absorption introduced by nano-structures, these schemes also provide wide angular 

resistance which is critical for practical photo detection receiving signals from 

large angles of incident light. Incorporation of nano-structures in photodetectors 

helps to guide and redistribute the incident light to retain higher light intensity in 

the active layer even at a larger angle. In this regard, nano-structures play a role for 

achieving high performance PTs with enhanced absorption and less dependent on 

the angle of incident light simultaneously. For creating nano-structures, methods 

like photolithography, electron-beam lithography, and nanoimprint lithography 

(NIL) are often adopted. Among them, NIL is considered as an effective approach 

for avoiding using expensive equipment and is potentially capable for fabricating 

large area detection devices at a low cost145. In NIL processes, a soft mold is usually 

employed for creating nano-structures in optoelectronics with desirable 

controllability and reproducibility. 

In this chapter, the effects of the nanoimprinted PEDOT:PSS hole transporting 

layer (HTL), created by NIL using a soft polydimethylsiloxane (PDMS) mold, on 

the enhancement of photoresponsivity and less angular dependency of the PDs 

were analyzed. To achieve a high quality and conformal nano-grating, substrate 

temperature and imprint time were carefully controlled. The grating HTLs with a 

periodicity of 900 nm and a height of 45 nm were attained using low temperature 

NIL method. The periodic nano-grating HTLs introduced an anti-reflection 

interface between HTL and perovskite due to light scattering and trapping 

properties150. Light absorption improvements were achieved, resulting in enhanced 

photoresponsivity in a broadband manner. Simulation results validate that, reduced 

light reflection at the grating HTL and perovskite is responsible for the light 

absorption enhancement. The enlarged contact area between HTL and perovskite 
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layer in imprinted devices favors charge separation and transfer, thus shortens the 

transient photoresponse. The slightly increase in the dark current, which is 

considered to be the noise source, does not sacrifice the specific detectivity of the 

nano-grating HTL based PDs. More importantly, the nano-grating HTL based PDs 

have high photo detection under a wide-angle range of incident light, due to the 

enhanced light in-coupling effect caused by the perovskite/grating HTL interface in 

the PDs. The use of a periodic nano-grating HTL in perovskite PDs has the 

advantage for enhancing light absorption without necessary of adopting a thick 

perovskite layer, paving their way for potential applications in low cost large area 

broadband light detection devices. 

7.2 Fabrication and Characterization of Nano-grating HTL 

The schematic configuration of the nano-grating HTL based PD is presented in 

Fig. 7.1 (a). Organo-lead triiodide perovskite (CH3NH3PbI3) was employed as the 

active layer due to its excellent optoelectronic properties for light harvesting and 

sensing. The nano-grating PEDOT:PSS HTL was imprinted using NIL method 

forming periodic photonic structure to attain light scattering at the 

HTL/perovskite interface, and thereby enhancing light absorption in the 

perovskite layer. A bilayer PC60BM/ZnO electron transporting layer was utilized 

for efficient electron extraction and hole blocking. The corresponding energy 

diagram of the materials used in the PD is given in Fig. 7.1 (b). Before the 

deposition of the functional layers, the glass substrates with a 180 nm thick 

pre-patterned ITO layer were washed sequentially in detergent, deionized water, 

acetone and isopropanol and each round for 15 min. After drying in the oven, the 

substrates were treated with UV-ozone plasma for 10 min.  
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Fig. 7. 1 (a) A schematic cross-sectional view of a perovskite photodiode with a 

nano-grating PEDOT:PSS HTL. (b) The energy diagram of the respective functional 

materials used in the perovskite photodiode. (c) Schematic diagrams illustrating the 

processes of nano-imprinted PEDOT:PSS HTL using a PDMS mold.  

The procedure of grating HTL fabrication processes is schematically shown 

in Fig. 7.1 (c). Firstly, PEDOT:PSS was spin-coated at a rotation speed of 2000 

rpm in air, resulting in a ~50 nm thick PEDOT:PSS HTL. After the spin coating of 

PEDOT:PSS, PDMS mold was immediately placed on the surface of the 

PEDOT:PSS HTL before drying. It is worth nothing that before the imprinting, the 

PDMS mold was ultrasonically washed in ethanol to improve surface 

hydrophilicity and a good adhesion between PDMS and PEDOT:PSS. Sequentially, 

the substrate with PDMS mold was transferred to a pre-heated hotplate with a 

temperature of 50 ℃ for 5 min. Afterwards, the PDMS mold was carefully pilled off 

the substrate resulting in a reverse pattern created on the PEDOT: PSS HTL 

surface. 
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Fig. 7. 2 SEM images showing the surface of the nano-grating HTL, (a) 10 m resolution, 

(b) 2 m resolution, (c) side view SEM image of the imprinted PEDOT:PSS HTL. AFM 

measurements showing (d) 3D image, (e) flatten profile and (f) line profile of the 

imprinted HTL. The periodicity of the nano-grating is ~900 nm and the height is ~45 nm. 

The surface morphological properties of the nano-grating PEDOT:PSS HTL 

were characterized by scanning electron microscope (SEM) and atomic force 

microscope (AFM) techniques, as are shown in Fig. 7.2. The SEM images 

measured for the nano-imprinted HTLs are presented in Fig. 7.2 (a) and (b). The 

PEDOT:PSS HTLs with uniform periodic nano-grating features were obtained. In 

Fig. 7.2 (c), the cross-sectional SEM image of nano-grating HTL on ITO is shown 

manifesting periodic nano-grating structure. The AFM image in Fig. 7.2 (d) 

displays the 3D illustration of fabricated nano-grating surface of the HTL. The 

flatten profile and corresponding line profile indicated in Fig. 7.2 (e) and (f) clearly 

reveal the grating period of ~900 nm and height of ~45 nm. For comparison, planar 

HTLs were also fabricated. 
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Fig. 7. 3 SEM images measured for the surfaces of (a) PbI2 layer on the grating HTL with 

different magnifications, (b) the two-step prepared MAPbI3 layer on the planar HTL and 

(c) the two-step prepared MAPbI3 layer on the grating HTL. 

The HTLs were then annealed at 120 ℃ in ambient for 10 min to dry the film. 

Afterwards, the devices were transferred into glovebox. Perovskite films were 

formulated using a two-step method by successively spin casting PbI2 (200 

mg/mL in Dimethylformamide) and CH3NH3I (MAI) (50 mg/mL in isopropanol). 

The two-step process is proved to be favorable to control the perovskite 

crystallization in the thin film formation. The PbI2 layer tend to generate porous 

features which serves like scaffold allowing MAI to penetrate and react with PbI2 

forming perovskite poly-crystals (~220 nm) after annealing (at 90 ℃ for 10 min). 

The SEM results of PbI2 porous layer is given in Fig. 7.3 (a). The perovskite 

surface characteristics were also examined by SEM and results are shown in Fig. 

7.3 (b) and (c) which corresponds to the planar HTL and nano-grating HTL as 

under layers respectively. The pin-hole free and identical polycrystalline features 

of perovskite either on planar HTL or nano-grating HTL are attained indicating 

the good formation of the perovskite active layer. 
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No diffraction peaks of PbI2 were observed in the X-ray diffraction (XRD) 

patterns of the perovskite layer shown in Fig. 7.4, suggesting the complete 

reaction between PbI2 and MAI forming perovskite layer. Then, bilayer PC60BM 

(20 nm)/ZnO (10 nm) electron transporting layer was sequentially deposited 

followed by Ag electrode deposition (~100 nm), formed by thermal evaporation 

using a shadow mask. The device has an active area of ~0.1 cm2. 

 

Fig. 7. 4 XRD patterns measured for (a) PbI2 layer on grating HTL, (b) the two-step 

prepared MAPbI3 layer on the planar HTL and (c) the two-step prepared MAPbI3 layer on 

the grating HTL. 

7.3 Enhanced Photoresponsivity in Nano-grating HTL based 

Photodiodes 

The absorption spectra measured for a 220 nm thick perovskite thin films deposited 

on the planar HTL and grating HTL are given in Fig. 7.5 (a), covering the 

wavelength range from UV-NIR light, indicating that CH3NH3PbI3 perovskite is a 

suitable candidate for broadband photo detection. A slightly higher absorption of 

perovskite was obtained on grating HTL than that of planar HTL based ones. This 

is believed due to an internal light scattering induced by the periodic HTL150. 

Corresponding to the enhanced light absorption induced by nano-grating HTL, the 

external quantum efficiency (𝐸𝑄𝐸) and photoresponsivity (𝑅) of nano-grating HTL 

based PDs are also improved in a broadband manner as shown in Fig. 7.5 (b). 
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These characteristics were measured at 0 V bias indicating the PD is promising for 

portable and wearable applications in a low-cost and energy saving way. It should 

be noted that the 𝑅 values in 𝐴/𝑊 can be estimated from 𝐸𝑄𝐸 values in the form 

of  𝑅 = 𝐸𝑄𝐸/ℎ𝜈 , where ℎ  is Planck constant and 𝜈  is frequency of the 

wavelength. The unit for ℎ𝜈  is  𝑒𝑉 . In light of the enhancement of 

photoresponsivity, it can be attributed to the light scattering at the interface caused 

by the nano-structured HTL. 

 

Fig. 7. 5 (a) Absorbance spectra measured for the perovskite films grown the on planar 

and grating HTLs. The thickness of perovskite films was controlled to be ~220 nm. (b) 

Wavelength dependent EQE and responsivity spectra measured for the photodiodes 

with perovskite active layers grown on the planar and grating HTLs.  

The optical properties of the PDs with a nano-grating HTL and a planar HTL 

were studied using finite difference time domain (FDTD) numerical simulations. 

The reported wavelength dependent optical index (n) and extinction coefficient (k) 

values were used for the FDTD simulations156. The simulated device structure is 

consistent with the real devices. The absorption in the perovskite layer was 

recorded for comparison. To obtain a general understanding of the role of the 

nano-grating HTL in the EQE enhancement, periodic HTLs with different periods 

of 600 nm, 900nm and 1200nm were designed for simulation and the structure 

height was controlled to be 45 nm which is in accordance with the AFM result. The 

absorption profiles as a function of wavelength and periodicity of the nano-grating 



 96 

are given in Fig. 7.6 (a). It is clear that nano-grating HTL based devices show 

enhanced absorption in perovskite layer regardless of the difference of grating 

periods. These results indicate that light absorption enhancement in perovskite 

layer is basically period independent. The insert in Fig. 7.6 (a) shows the integrated 

perovskite absorption from 300 to 800 nm. The enhancements are clear for devices 

incorporated with nano-grating HTLs. To investigate the origin of absorption 

enhancement, the reflection at the HTL/perovskite interface is calculated and the 

profiles are shown in Fig. 7.6 (b). The nano-grating HTL/perovskite interface 

exhibit lower reflection as compared to that of the planar HTL/perovskite interface. 

The total reflection of these two interfaces were integrated and presented in insert 

of Fig. 7.6 (b). The reduced reflection might originate from the anti-reflection 

behavior of these nano-gratings. This anti-reflection nature of the nano-gratings is 

also period independent. To make a comparison, the absorption enhancements in 

perovskite layer induced by the nano-grating HTL are presented in Fig. 7.6 (c) 

together with the reduction of the reflection at the nano-grating HTL/perovskite 

interfaces. It is clear that the absorption enhancement profiles at different grating 

periods show identical trend as compared to the reduction of reflection results. 

These results give evidences that nano-grating HTLs introduce reduced reflection 

at the interface with perovskite layer which enhances the light in-coupling, giving 

rise in enhanced absorption in perovskite layer. The enhanced light absorption in 

the perovskite layer is responsible for the EQE improvements of the nano-grating 

HTL based devices. Meanwhile, the light polarization dependency of perovskite 

absorption in nano-grating HTL based devices was also studied. As is shown in Fig. 

7.6 (d), identical absorption profiles of the perovskite layer in 900 nm periodic 

nano-grating HTL based devices were obtained. The light polarizations were set to 
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be either perpendicular or parallel to the grating direction as schematically shown 

in insert of Fig. 7.6 (d). 

 

Fig. 7. 6 FDTD simulation results, (a) Absorption spectra of perovskite layers on the 

planar HTL and grating HTLs having different periodicities of 600 nm, 900 nm and 1200 

nm. The inset in (a) is the integrated absorption of the perovskite films calculated over 

the wavelength range from 300 to 800 nm. (b) The perovskite/HTL interfacial reflection, 

calculated for the perovskite on planar and nano-grating HTLs with different 

periodicities, as a function of the wavelength. The inset in (b) is the integrated 

reflection calculated over the wavelength range from 300 to 800 nm. (c) The 

comparison of absorption enhancement in perovskite layer and reflection reduction at 

the perovskite/grating HTL interface for grating HTL based devices as compared to that 

of the planar HTL based devices. (d) Absorption in perovskite layer in nano-grating 

based PD (periodicity of 900 nm) as a function of the polarization of incident light. The 

insets in (d) are schematic diagrams illustrating the polarization of the incident light 

being perpendicular and parallel to the grating direction. 

The increase in the interface area between HTL and perovskite layer in the 

grating HTL based PDs may also play an important role in decreasing the interface 

resistance, thus allow a better charge collection at the grating HTL/perovskite 

interface150,157. Steady-state and time resolved photoluminescence (PL) were 

conducted to obtain an insight into the charge carrier dynamics between perovskite 



 98 

and HTL. As depicted in Fig. 7.7 (a), the intensity of steady state PL peak quenches 

considerably when perovskite contacts with nano-grating HTLs as compared to the 

planar ones suggesting a more efficient interfacial charge transfer occurs152,158. 

Time resolved PL spectra in Fig. 7.7 (b) were fitted using an exponential function 

of time: 𝐹(𝑡) = 𝑒(−𝑡/𝜏𝑖 ) 158 where 𝜏𝑖 represent the life time of carriers. Results 

show a decrease in life time from 5.76 ns to 3.88 ns when the nano-grating HTL 

was incorporated indicating more effective hole transferring from perovskite layer 

into the HTL. These results indicate the better charge separation and extraction at 

the periodic interface which are also responsible for the device performance 

enhancement. 

 

Fig. 7. 7 (a) Steady state and (b) time resolved PL characteristics measured for the 

perovskite films grown on the planar and nano-grating HTLs. The solid lines in (b) are 

the fitting data. 

Despite the steady state performance enhancements in PDs with a nano-grating 

HTL, the transient photoresponse is also improved taking advantages of the better 

charge separation at the grating HTL and perovskite interface. In photodetectors, 

when describing a transient response, rise time (𝑇𝑟) and fall time (𝑇𝑓) to a pulsed 

light signal are usually tested. 𝑇𝑟 and 𝑇𝑓 are the time taken by a signal to change 

from a 10 % to 90 % and from 90% to 10% respectively and they are important 

values to estimate the response speed and bandwidth (𝐵𝑊) of a detector. In this 
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case, 𝑇𝑓  was recorded using a pulsed Nd:YAG laser operated at 532 nm. The 

transient response spectra of nano-grating HTL and planar HTL based PDs are 

presented in Fig. 7.8 (a) with 𝑇𝑓 of 0.8 𝜇𝑠 and 1 𝜇𝑠 respectively. A typical laser 

pulse is given in inset of Fig. 7.8 (a) with a pulse width of ~30 ns. Both devices 

exhibit relatively faster photoresponses as compared to organic devices. The BW 

can be estimated using the relation  𝐵𝑊 =  0.35 / 𝑇𝑟 . It’s noteworthy that 𝑇𝑟 

and 𝑇𝑓 are usually in comparable levels140,159 so that it is reasonable to use fall time 

of the device to estimate the BW of the devices. The calculated BW values are 0.44 

MHz and 0.35 MHz for the two devices respectively. The faster response and 

higher 𝐵𝑊 is mainly due to a favorable contact area between perovskite layer and 

imprinted HTL which is advantageous for charge separation and collection. 

 

Fig. 7. 8 (a) Normalized transient photoresponses of the photodiodes. The inset in (a) 

shows a typical laser (532 nm) pulse with a duration of ~30 ns. (b) Specific detectivity 

of the planar and grating HTL based photodiodes as a function of the wavelength. The 

corresponding dark current-voltage characteristics are plotted in the inset in (b).  

The specific detectivity (𝐷∗) of PDs with a nano-grating HTL and a planar 

HTL were also estimated. Here, shot noise caused by the dark current is considered 

to be dominant in the total noise in the devices. Shot noise originated from dark 

current can be estimated in the form of (√2𝑞𝐼𝑑𝑎𝑟𝑘∆𝑓), where 𝑞 is the electronic 

charge constant, 𝐼𝑑𝑎𝑟𝑘 is the dark current, and ∆𝑓 is the bandwidth of the noise. 

Shot noise is usually considered to be frequency independent such that specific 
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detectivity can be estimated as  𝐷∗ = (𝑅√𝐴)/√2𝑞𝐼𝑑𝑎𝑟𝑘 ) 142,159, where 𝑅  is the 

photoresponsivity and 𝐴 is the active area of the detector. It is noteworthy that the 

enlarged HTL/perovskite interface due to the periodic structure may introduce a 

slightly higher dark current as presented in inset of Fig. 7.8 (b). However, the D* 

values of the grating HTL based PDs do not deteriorate due to a higher 

photoresponsivity. The dark current at an external voltage of -50 mV was used in 

the estimation of D* and the results are plotted in Fig. 7.8 (b). Both devices exhibit 

high D* values over 1012 Jones in a broadband region. 

The enhanced photoresponsivity and faster response for the diodes with 

periodic-structured HTL are attributed to reduced light reflection and introduced 

internal light scattering effect and better contact area between HTL and perovskite. 

It is reasonable to infer that the improved performances of anno-grating HTL based 

PDs are due to better light harvesting efficiency and charge collection efficiency. 

7.4 Omnidirectional Light Detection in Nano-grating HTL based 

Detectors 

Photo current generation in a PD is essentially dependent on the angle of incidence 

of the light signal. With increasing the incident light angle, the photoresponse of a 

detector might change dramatically due to the reflection properties of the detector 

surface. An anti-reflection surface is considered to be crucial to maintain a high 

performance for photodetectors to introduce more light into devices149. The devices 

with nano-grating HTLs were found to exhibit less angular dependency due to an 

anti-reflection property even at a higher light incident angles. Here, the Ratio was 

defined as  𝑅𝑎𝑡𝑖𝑜 = 𝑅𝑎𝑛𝑔𝑙𝑒/𝑅𝑛𝑜𝑟𝑚𝑎𝑙 , where 𝑅𝑛𝑜𝑟𝑚𝑎𝑙  and 𝑅𝑎𝑛𝑔𝑙𝑒  represent the 

photoresponsivity of the PDs under normal light illumination and at a specific angle. 

Ratio values could properly represent the detector’s ability of keeping high 
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performance against the increasing of light signal angle. For a less angular 

dependent device, Ratio should maintain closely to 1 with the increment of angle 

instead of dropping dramatically. 

 

Fig. 7. 9 Angular dependency properties of photoresponsivity for the planar and 

nano-grating based PDs. The Ratio is defined as Ratio=Rangle/Rnormal, where Rnormal and 

Rangle represent the photoresponsivity of the PDs under normal light illumination and at 

a specific angle. (a) Contour map of the Ratio for the planar PDs as a function of 

incident angle and wavelength. The Ratio for the nano-grating based PDs with the plane 

of incident light being (b) perpendicular and (c) parallel to the grating direction, as a 

function of angle and wavelength. (d) The integrated Ratio-incident angle correlations 

for the planar and nano-grating HTL based PDs. 

Fig. 7.9 (a) is the contour plot of the 𝑅𝑎𝑡𝑖𝑜 values for planar HTL based 

devices as a function of wavelength and incident angle while Fig. 7.9 (b) and (c) 

are values for nano-grating HTL based devices. The difference between (b) and (c) 

is that the incident planes of light were set to be perpendicular and parallel to the 

direction of the gratings. Higher and persistent 𝑅𝑎𝑡𝑖𝑜 values against incident angle 

were achieved for nano-grating HTL based devices in broadband region. These 

results reveal that the anti-reflection property of the nano-grating HTLs keeps even 
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at a large light incident angle such that maintain a higher responsivity as compared 

to those devices with planar HTLs. This is due to the fact that the anti-reflection 

property of the nano-grating HTLs favor light coupling into the devices even at a 

large angle. In Fig. 7.9 (d), integrated 𝑅𝑎𝑡𝑖𝑜 values from 300 to 800 nm are 

compared as a function of light incident angle. A steeper slope of the integrated 

𝑅𝑎𝑡𝑖𝑜 against angle is believed to have a higher angular dependency performance. 

As a result, as indicated by straight lines in the figure, the nano-grating HTL based 

devices show a resistant behavior against incident angle suggesting a better 

wide-angle detection ability. 

7.5 Summary and Conclusion 

In summary, high performing perovskite PDs incorporating a nano-imprinted 

grating HTL were demonstrated. FDTD simulations support the experimental 

findings in showing that the PDs with a nano-grating HTL are more favorable for 

attaining absorption enhancement in the active perovskite layer, benefiting from a 

combination of simultaneous internal light scattering and suppression of the 

reflection. The absorption in the active layer in PDs with a nano-grating HTL also 

is independent on the polarization of the incident light. The PDs with a 

nano-grating HTL exhibit a higher responsivity across the UV-NIR light 

wavelength region and a faster transient photoresponse due to a simultaneously 

better light harvesting efficiency and charge collection efficiency. The 

nano-grating HTL based PDs also show weak angular dependency on 

photoresponsivity, arising from the improved light in-coupling abilities over a 

broader angle range of incident light, which is a very unique feature for application 

in wide-angle light detection. 
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Chapter 8: Summary and Perspective  

8.1 Summary 

NIR light detection has been considered to be a key technology in a variety of 

applications including telecommunication, night vision and bio-related imaging 

etc. The traditional inorganic semiconductor-based NIR light detectors are rigid, 

brittle and bulky which limit the application in large area and flexible NIR 

detection devices. The solution processable semiconductors, with chemically 

tunable characteristics and mechanically flexible features, are advantageous for 

applications in light weight, bendable and wearable devices. While enormous 

efforts have been devoted to develop NIR sensitive semiconductors for high 

efficiency solar cells because of the improved absorption of the NIR light from 

the sun light, the progress of NIR light detectors is still less than satisfactory, yet 

of great importance. The understanding of physical mechanisms in a high 

performing NIR detector concerning the light absorption, charge generation and 

transportation processes is critical for the device design and modification to 

satisfy versatile requirements in real applications. In this reach work, the 

approaches for controlling the photo generated charge carriers in the active layer, 

aiming for high performing solution-processable NIR photodetectors, are 

systematically investigated. 

It is shown that a perovskite/polymer bi-layer channel in PTs enabling the 

charge separation and transfer processes at the interface of two channels is 

responsible for the enhancement in photoresponsivity and photosensitivity in both 

working modes of the PT. The bi-layer charge transport during the change of 

working modes is found and analyzed. The resulting bi-layer channel PT exhibit a 

broadband light detection from UV to NIR, taking advantages of the excellent 



 104 

light absorption of perovskite in the UV-visible range and polymer in the NIR 

region. The transient photoresponse of the bi-layer channel PT is found to be 

much faster as compared to the control PT with a pristine polymer channel. These 

promising characteristics indicate the importance of carrier behaviors including 

charge separation and transport inside the device and their impacts on device 

performance.  

The enhanced NIR light detection is achieved by applying n-type electron 

acceptors into the NIR sensitive p-type polymer forming bulk-heterojunction 

photoactive channels in PTs. The use of the donor/acceptor bulk-heterojunction 

channel, assisting the efficient exciton dissociation and charge separation of NIR 

light generated excitons, is responsible for the overall improvement in 

photoresponsivity and photosensitivity of the PT type NIR photodetectors. In 

addition, the impacts of acceptor type i.e. fullerene and non-fullerene acceptors, 

on the donor polymer crystallinity and long-range ordering are analyzed and their 

correlation with the device performance are discussed. The results show that, 

fullerene acceptors tend to introduce negligible molecular ordering change of the 

donor polymer. This guarantees simultaneously efficient exciton utilization and 

charge transportation. On the contrary, the non-fullerene acceptor-based blend 

exhibited deteriorated donor crystallization and rougher surface morphology 

revealing the miscibility issues between the donor and acceptor in the blend. 

Though the performances are still better than pristine polymer only PTs, this 

relatively weak miscibility leads to unfavorable exciton dissociation and charge 

collection as compared to PTs composed of fullerene-based bulk-heterojunctions. 

Thus, a delicate design of the bulk-heterojunction for NIR PT is critical for charge 

photogeneration and collection in the NIR PTs. 
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In weak NIR light detection, the photosensitivity plays a key role in 

identifying the signal from the noisy background. It is found that, a lower 

activation energy of the charge carrier would allow a higher carrier density in the 

channel, which is unfavorable for the photosensitivity of the PT since the existing 

carriers in the channel before NIR incidence would merge the weak photocurrent. 

In contrast, with a higher charge carrier activation energy in the channel, a lower 

channel current with the absence of NIR illumination is attained. While with the 

NIR light illumination, photogenerated charges, created due to the dissociation of 

the photo generated excitons, could largely lead to an obvious increase in channel 

current. The increase in channel current, induced by NIR light, is critical in 

controlling the photosensitivity of the NIR PTs. The analyses of the impact of 

charge carrier activation energy on the photosensitivity of the NIR PTs offers an 

insight to understand the mechanism and find solutions for develop high 

performance NIR photodetectors. 

NIR signal imaging techniques are usually composed of an array of NIR 

detector pixels and sophisticated processing external circuits for the signal 

read-out. These procedures involve high fabrication costs and process complexity. 

In this research work, an NIR-visible up-conversion diode is demonstrated for 

pixel-less NIR imaging enabled by NIR light induced carrier injection. The 

up-conversion diode, capable of converting NIR light to visible light, is 

accomplished by monolithically integrate a highly sensitive NIR detection unit 

with a visible light emitting unit. The results reveal the importance of the NIR 

sensitive unit in achieving high on-off ratio, controlled by the NIR light induced 

carrier injection to the light emission unit. It is found that the efficient NIR photon 

to visible photon up-conversion efficiency can be realized by a combination of 
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high NIR induced charge injection to the visible light emitting unit and enhanced 

visible light out-coupling through the NIR sensitive bulk heterojunction. NIR 

imaging using this one-pixel up-conversion diode is demonstrated. The 

electroluminescence in light emission unit occurs in area where efficient injection 

of the NIR induced charge injection takes place, allowing the NIR information to 

be displayed by visible light image by the up-conversion diode.  

The high photoresponsivity UV-Visible-NIR photodiodes with a weak 

angular dependency are realized by introducing a periodic nano-grating hole 

transporting layer (HTL). Theoretical simulations indicate that the periodic 

nano-grating HTL helps to improve light absorption in the active layer, caused by 

the enhanced light in-coupling effect. In the meanwhile, the enlarged contact area 

between the active layer and HTL, enabled by the nano-grating structure, is found 

to be favorable for charge separation. In addition, the nano-grating HTL-based 

photodetectors exhibit less angular dependency as compared to that of the planar 

control photodetectors. The introduction of the nano-grating HTL enables an 

obvious improvement in photoresponsivity and provides wide angle light 

detection of the photodetector. 

8.2 Future Outlook 

With the progresses in high performing NIR detection techniques outlined in this 

research work, the work can be further extended to investigate their potential 

applications taking the advantages of design freedom and fabrication flexibility as 

compared to the existing NIR detector techniques. 

Firstly, the NIR phototransistors providing ultra-high photosensitivity are 

potentially very attractive for weak signal detections. They are applicable in a 

variety of uses like heart rate monitoring when incorporated with an NIR LED. 
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The ultra-low dark current is advantageous in achieving good signal to noise ratio. 

Due to the light weight and bio-compatible features of organic materials, they can 

be made on flexible and bendable substrates for wearable sensors that enable 

continuous monitoring the health information of human body. 

Moreover, the pixel-less NIR to visible up-conversion device concept 

demonstrated in this research work provides an attractive option for different 

applications in bio-imaging and medical diagnoses. The solution processes also 

enable large area flexible NIR to visible up-conversion imaging devices that can 

be fabricated at low cost. 
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