
Hong Kong Baptist University

DOCTORAL THESIS

Charge carrier manipulation for high performing near-infrared light
detection
Li, Ning

Date of Award:
2018

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/62bd2311-0435-471f-93dd-99373bdc997b


 ii 

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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